i 


PART B NUMBER 5 SEPTEMBER 1955 


The Proceedings 


i OF 


1E INSTITUTION OF 
TRICAL ENGINEERS 


FOUNDED 1871: INCORPORATED BY ROYAL CHARTER 1921 


___ RADIO AND ELECTRONIC ENGINEERING 
(INCLUDING COMMUNICATION ENGINEERING) 


The Institution. of Electrical Eng 


INCORPORATED BY ROYAL BEI AER 1921 


a 


IR JAMES SWINBURNE, BAe F.R.S. 
. H. Eccies, D.Sc., h 
Rr. Hon. THE Ther oF Mount EpGcumse, T.D. 
Save M.C. 

E. W. Marcuant, D.Sc. 
” HUNTER, C.B.E. 
. YOUNG. 


ie 


mms 
ae 


Nrj 


. E. GoLpup, C.B.E. 
. E. GoopDALL, M.Sc.(Eng.). 


J. BENNETT. C. R. Kina, C.B.E. Sir Hamish D. MACLarREN, K.B.E., RB. 
A. R. COOPER. H.R. L. LAMONT, Ph.D., M.A., B.Sc. C.B., D.F.C., LL.D., B.Sc. G. 
A. T. CRAWFORD, B.Sc. F, J. LANE, O.B.E., M.Sc. A. H. Mumrorp, O.B.E., B,Sc.(Eng.). aT; 
C. Dannatrt, O.B.E., D.Sc. G. S. C. Lucas, O.B.E. W. F. PARKER. E. 
B. Donkin, B.A. G. Lyon, M.Sc.(Eng.). Pror. M. G. Say,-Ph.D., M.Sc. R. 


O. W. Humpnreeys, B.Sc. 


Measurements: 
M. WHITEHEAD. 
*J, F. Coates, O.B.E., M.A. 


Chairmen. and Past-Chairmen of Local Centres 


North-Western Centre: 
Pror. E. BRADSHAW, M.B.E., 


East Midland Centre: 
J. H. Mircue tt, B;Sc., Ph.D. 


*C. D. WILKINSON. *G. CATON. 


Mersey and North Wales Centre: 
P. R. Dunn, B.Sc. 
*T. Coates, M.Eng. 


*Compr. C. 
O.B.E. 


RADIO SECTION COMMITTEE 1954-55 3 in 


H. STANESBY. 


J. A. SMALE, C.B.E., 


Pror, H. E. M. BARLOw, Ph.D., B.Sc.(Eng.). 
N. R. BuiGcu, B.Sc.(Eng.). 

G. G. MACFARLANE, Dr.Ing., B.Sc. 

B. N. MacLarrty, O.B.E. 


The Président (ex officio). . 
The Chairman of the Papers Committee. 


A. H. Mumrorp, O.B.E., B.Sc.(Eng.) (representing the Council). 


G. E, Mippteton, M.A. (representing the Camb: 


- and Measurements Group). 


Deputy Secretary 
F, Jervis SmirH, M.1.E.E. 


C. W. OATLEY, M.A., M.Sc. 
*J. A. SMALE, C.B.E., A.F.C., B.Sc. 


North Midland Cour. 
W. A. CROCKER. 


North-Eastern Centre: 
G. W. B. MircHe.i, B.A. 
*H. EsTHER, B.Eng. 


| Southern Centre: 
E. A. Locan, M.Sc. 


ridge Radio Group). 
J. Morr (representing the South Midland Radio Group). 
D. H. Tuomas, M.Sc.Tech., B.Sc.(Eng.) (representing the North- ‘Eastern. Radio 


FOUNDED 1871 


pion HER MAJESTY THE QUEEN 


COUNCIL 1954-55 


President 
J. Eccxes, C.B.E., B.Sc. 


Past-Presidents 
Str GEORGE Leg, O.B.E., M.C. 


Sir ARTHUR P, M. FLEMING, C.B.E., D.Eng., LL.D. 


J. R. BEARD, C.B.E., M.Sc. 
Stir Noet ASHBRIDGE, B.Sc.(Eng.). 


COLONEL Sir A. STANLEY ANGWIN, K.B.E., D.S.O., 


M.C., T.D., D.Sc.(Eng.). 
Sm Harry RAILING, D.Eng. 


Vice-Presidents — 


WILLIS JACKSON, D.Sc., D.Phil., F.R.S. 
Sm GeorGE H. NELSON, BART, 


Honorary Treasurer 
H. W. Griw™irt. 


Ordinary Members of Council 


Chairmen and Past-Chairmen of Sections 


Radio: Supply: 
J. D. PEaTTIE, B.Sc. 


M.Sc.Tech., Ph.D. 
S +H. WEST. 


A. N. TRENS. 


V. Rosinson, R.N., *J. VAUGHAN HARRIES. 


* Past-Chairman. 


Chairman 
C. W. Oatey, M.A., M.Sc. 


j Vice-Chairmen 


Past- Chalemen 
A.F.C., B.Sc. 


Ordinary Members of Committee 


. H. MERRIMAN, M.Sc. 

. E. J. H. Moprerr. 
PPE. M.Sc. 

. A. RENDALL, Ph.D., B.Sc. 


And 


The following nominees of Government Departm 
Admiralty: CAPTAIN G. C. F. WHITAKER, R.N. 
Air Ministry: Air COMMODORE a: H. RANpu 


M.Sc.Tech. 


Secretary 
W. K. BRASHER, C.B.E., M.A., M.I.E.E. 


Assistant Secretary , 
F. C. Harris. 


*L. G. BRAzigR, Ph.D., B.Sc. 


Northern Ireland Centre: 
Mayor P. L. BARKER, B.Sc. 
*J, R. W. MurRLAND, B.Sc.(Eng.). 


Western Centre: 


R. C. G. Witu1ams, Ph.D., B.Sc.(Eng.). ee te a 


E. C. S. MeGAw, M.B.E., D.Sc. ST ee 


Ministry of Supply: F. S. BARTON, C.B.E., M. 
Post Office: CAPTAIN C. F. Booru, O.B.E. 
War Office: Cot. J. H. E. PANTON, O.B.E. 


P. DunsHzatH, G.B: E. M. LA. D.Se.( (Eng.). 
aa VINCENT Z, DE FERRANTI, MC. 

T. G. N. HALDANE, M.A. re 

Pror. E. B. MOouLiin, eS Sc.D. 


Str ARCHIBALD J. Gut, B petene wy 
Str JOHN HACKING. ; ae, 
‘COLONEL B. H. LEESON, ©. 3.E. T.D. ema. 


Sm HAROLD. Biter © B.E., B.Sc. (Eng). Beet 


ie ae 


Sir W. GorDon Rae CBE. Ph.D.Eng). | 


‘ 


va % 


ina SmiTH-Rose, C.B.E., D.Sc., Ph 
O. WATSON. ; : 
WEST , B.Sc.(Eng.), Ph.D. a. 
. L, E. WHEATCROFT, M.A. FP 

T. B. WYNN, C.B.E., M.A. ue 


ie, 
D 
4 
% 


Nz 


Utilization: ‘ 
-Se.Te 


Scottish Fesient “a i 
J. S. Hastie, B.Sc. (Eng. js at 


*C. H. A. Coutyns me 
South Midland Centre: fay: 

A. R. BLANDFORD. — ~. OMS 

*H. J. Grpson, B.Sc. "9 Y 


N. C. Rosertson, C. M. Ge MB 
L. RusHrortH, M.B.E., B. Sc. 

J. A. Saxton, D.Sc., Ph.D, 
A. M. THORNTON, B. See 


(i) 
LEEPR 
OCEEDINGS, PART B—ADVERTISEM. 
ENTS 


‘Switchboard jascrumenes 


FTCHBOARD INSTRUMENTS 


FERR ANTE SW 


Sot ARE PA TTERN ROU 


HROARD 1N 


SL AMPERES. 


11s 


KILOWAY 


i | 
Ao =e 
aa ey 


3y° Dial, Flush 


8” Dial, Projecting 


6° Dial, Projecting 


67 Dial, Flush 


g” DIAL 


Ammeters Jnductio 
Power Factor Meters 


6" DIAL 


Induction We atimeters 


oo Warttmneters 


4’ WAL 


Frequency Meters 


Ammcters induction Wattmeters ammeters 
e Power Factor Meters Power Factor Meters 1 
Volometers Voltmeters Voltmeters 
Frequency Meters Frequency Meters 
‘Milliammeters Milliammeters Synetiroscopes ‘Milliacmmeters Senchrostopes Milliammeters Synehtoseapes 
Dynamometer W auumerers Synchronous Chocks, Pynamometer Wasttnelers Synchronous Clocks Dynamometer atumeters, Synebronous Clocks 
PAGE tH REE 


Microammecters 


1 yu 4 y 6 ” 72 » e * 


A 


sealed cases. 


7 


Se _ RRAN 


“FL. 145 


ILE.E. PROCEEDINGS, PART B—ADVERTISEMENTS (a) | 


1 


( iii ) IE.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


HERE 


_ Automatic Generating Plant 


15th October, 1954 


Frederick J. Harlow, Esq., 
Austinlite Ltd., 
Lighthouse Works, 
Smethwick 40, 

England. 


Dear Fred,, 


I am writing to you in the hope that your people will 
be able to help us with a very tricky problem we have run 
into out here in connection with standby generating plant 
for a new telecommunication scheme. We cannot afford even 
a momentary interruption of supply, yet we cannot provide 
attendance or maintenance except, possibly, at monthl 
intervals 


The more tricky the problem, the more arduous the conditions 

te under which the equipment must operate, the better we like it. Difficult, 
unusual generating plant is our metier. It does not matter how long it must run without 
attention. It does not matter whether there is a mains supply or not. Nor if the supply 

is erratic and unreliable. Even if the requirements do not come within our standard 

range Austinlite plant can be designed which will ensure continuous, steady and 


extremely reliable supply. 


During the past 25 years Austinlite plant has been steadily developed, always with the 
emphasis on quality and dependability. We can now provide automatic generating plant 
of many types in sizes from 1.4 to 250kVA, for continuous unattended operation, or for 
mains standby work — to the strictest no break specification where necessary. However 
difficult a particular problem may be, we have good reason for the confidence with which 


we affirm that Austinlite can tackle it. 


. @ @ 
In thi fh lant i d by th 
Be ee ep incon onc —Ztustintite AUTOMATIG GENERATING 


British Railways. It is installed in many 
rts of thi Id in lighth hh li- = 

ehis'cat'tt eamon'e sae | PLANT Tailor-made by STONE-CHANGE LTD. 

Africa, Australia, Denmark, the U.S.S.R., 

Malta, Syria, New Zealand and Norway ; as 


well as a number of tropical countries includ- 
ing Nigeria, Malaya and Borneo. 


(The makers of Sumo Pumps and Stone-Chance Lighthouses) 


LIGHTHOUSE WORKS, SMETHWICK 40, BIRMINGHAM 
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Marconi Complete 
SOUND STUDIO EQUIPMENT 
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Marconi sound broadcasting equipment pro- Shown above is the Control Console "yee ineeteneian 


handles input of programme material from two studios, 
announcer’s microphone, a local microphone, several disc 
reproducers and four O.B. lines. Two output channels 
for rehearsal and programme conditions are provided. 


vides an extensive, flexible and versatile range 


of units from cue lamps and control consoles 


to automatic monitors and aerials. It covers every 
phase of the common operating requirements of 
the majority of systems. No two broadcasting 
administrations, however, have the same 
problems and therefore Marconi’s are ready to 
engineer particular schemes and can meet every 


requirement in AM and FM broadcasting. 


The first advertised sound broadcast was made from 
the Marconi transmitter at Chelmsford in June 
1920. Today 75% of the countries in the world rely 
on Marconi broadcasting equipment. 


—— ae —— 


Below is the heavy duty Disc Reproducer Type BD5038, 
designed for accurate groove location. A 3-speed turn- 
table and long arm lightweight pick-up are employed, 
and a universal corrector unit is incorporated. The novel 
features of this equipment are the optical groove locator 
and an automatic raise/lower device coupled to the fader. 


Lifeline of communication 


MARCONI 


Complete Broadcasting and Television Systems 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 


Partners in progress with The ‘ENGLISH ELECTRIC’ Company Limited fem 


Devens 
arn 
Ce: 


- CERAMIC\ 


; : chee ‘ Fe 


RISE 


t 


Kye 
f A 
W394 Ses 
ar aw a i 
VEMhS 


LILMLLLLULLL MLL, 


=) BUSHING 


ier 
SrA e 
Yeap 
BTRAYa yy yan 
NS eae) 


“ f 
ty yy } 
Lr Aa pallor st 


AA 
% 


Nocatee a8 


Peed 


Z 7 3 AEA ye 7 AEG 
hares ible eas 7 RIN 
= pe Rate deans 4 x . 5 5 
; aay es HG asm aR Nese of 
i ° 


DUBILIER CONDENSER COMPANY (1925) LIMITED 


DUCON WORKS, VICTORIA ROAD, NORTH‘ACTON LONDON, W:3. 
Telephone: ACOrn 2241 Telegrams: Hivoltcon Wesphone London 
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good magnetic 
characteristics 


CAREFUL 
CASTING 
CONTROL 


Standard maintains its established leadership 
in the manufacture of high permeability mag- 
netic alloys by constant vigilance in the 


control of each and every production process, @ PERMALLOY ‘C’ for highest initial permeability, 
useful for wide-band frequency transformers, current 
transformers, chokes, relays and magnetic shielding. 


one of which is illustrated here. Produced by a 
@ PERMALLOY ‘B’” has lower initial permeability than 
Company which has the unique advantage of being Permalloy ‘C’ but higher values of flux density. Suitable 
where high permeability to alternating field is required 

superimposed upon a steady polarising field. 


a large-scale user of its own magnetic materials, a long 
@® PERMALLOY ‘D’ for very high resistivity without 


undue lowering of the maximum flux density. Variation 


experience of the applications of these materials gives of permeability with frequericy: is \aciaUe nae Weegee 
Biden i a 3 applications. 

full appreciation of the properties essential for uniform @ PERMALLOY “F> for’ high Bee Waeeeemeeeinse 

2 are angular hysteresis loop, with a retentivity of at least 95% 

electrical characteristics and stable performance. of its saturation value and low coercive force. Ideal for 


saturable reactors, magnetic amplifiers, digital computors, 
memory devices, etc. 


It will pay you to investigate the capabilities of 
@ V-PERMENDUR for high permeability with a very 


Standard magnetic alloys with relation to your specific high value of maximum flux density. Finds special 
application for use as high quality receiver diaphragms, 


m also motor generators and servo-mechanisms in aircraft 
requirements. where weight and volume are important factors. 
) 


Srandard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, W.C.2 
TELEPHONE, LINE DIVISION: North Woolwich, London, E.16 
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Frequency Range 2,000—20,000 kc/s 


Our range now includes crystals for close tolerance requirements 


Enquiries are invited for overtones up to 60 Mc/s 


CATHODEON CRYSTALS LIMITED 


LINTON CAMBRIDGESHIRE Telephone LINTON 223 
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/ TELEVISION 


NETWORKS 


G.E.C. continue to lead in the provision 
of links for Britain’s rapidly expanding 
T.V. networks. The Post Office is 
now being supplied with equipment for additional 
coverage in the Midlands and North-Western Areas 
against the future requirements of the Independent Television Authority. (G.E.C. 
equipment already conveys B.B.C. television programmes to these areas). 
The new coverage being provided, by radio relay or by coaxial cable, is as follows:— 


THE MIDLAND LINK West by the addition of G-.E.C. terminal 
The existing G.E.C. microwave link—the first, translating and coaxial line equipment to serve 
in Britain, installed in 1946—between London the I.T.A. North-Western Area transmitter, 
and Birmingham, is the basis of the new net- over cable from Birmingham to Manchester 


work. A spur to Lichfield, using the G.E.C. ana Mater Ball: 
SPO 5551 radio relay system, is being added. 


This route includes 4 terminal 
and 18 repeater stations, using wideband 
THE NORTH-WESTERN LINK amplifier equipment with supervision at the 
The network is being extended to the North- Manchester station. 


The SPO 5551 two-channel transmit terminal equip- 
ment in Telephone House, Birmingham (London - 
Lichfield link) during commissioning tests. ; 


OF ENGLAND 


‘HE GENERAL ELECTRIC CO LTD OF ENGLAND 
ELEPHONE WORKS ClORVee: NictacR. Y 


\ 
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Three new. 
r6.C. Junction Transistors 


Now available to Electronic Equipment Manufacturers 


EWS3 EWSS8 EWS9 


The performance of junction transis- 
tors at high frequencies is partly 
limited by the reduction of current 
gain with frequency. A more important 
frequency limitation is often set by the 
high values of collector capacitance Cc 
and “extrinsic” base resistance fbo. 
These new transistors have been de- 
signed to have a particularly low 
value of rbo with consequent improve- 


ment in high frequency performance. 


Added ruggedness combined with freedom from - 
EXAMPLE: At a frequency of 465 ke/s, moisture is achieved by complete enclosure in gold- 
operating between a 50Q source and a plated metal envelopes, 
10 kQ load, using an EW59 transistor, Other recent G.E.C. semi-conductors are the EW51 
a power gain of the order of 20db is H.F. Point Contact Transistor and the EW54 medium 
possible. power Junction Rectifier, 


You are invited to write to 
THE OSRAM VALVE & ELECTRONICS DEPARTMENT 
about your transistor application problems. 


THE GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON, W.C.2 
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unication... 


World wide radio-communication 
began with Marconi’s Transatlantic 
messages in 1901. Since then Marconi 

research and development have 
been behind every major advance in 
technique. Marconi equipment today, 
operating at all frequencies, covers 

a very wide field of both long and short 

range radio/telegraph and radio/tele- 
phone requirements. Marconi VHF 
multi-channel equipment can provide 
for as many as 48 telephone channels and 
is largely superseding land line or cable 
routes on grounds of efficiency, economy, 
ease of installation and maintenance. 
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MARCONI 


COMPLETE COMMUNICATION SYSTEMS 
Surveyed, Planned, Installed, Maintained 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED »- CHELMSFORD - ESSEX 


’ 


I.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS ( xii ) 


Marconi Surveyin 
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LEFT. Balloon operations 
on the Ipoh- Telok Anson 
route in Malaya, 

RIGHT, The mas: is up 
and the motor generator 
is running during the survey 
of the Nigerian multi- 
channel system. 

BELOW. The V.H.F. 


mobile survey team erect their 
mast, 


Before planning any communication system, and 
particularly a microwave or V.H.F. multichannel 
system, a survey of the propagation conditions 
over the proposed path or area is essential. 
Similar, but less exhaustive surveys, are also 


EE a 


necessary before planning V.H.F. mobile systems. 
Such surveys are undertaken by Marconi’s, 
one of the very few radio manufacturers who 
do so. The teams engaged in the work may be 
called upon to operate in desert, swamp and 
jungle, over which line and cable routes 
would be impractical, on windswept moorlands 
or in densely populated city and suburban areas. 
Surveys are being, or have already been carried 
out all over the world, including: Uganda, Kenya, 
Tanganyika, Nigeria, Gold Coast, Tangier, Azores 
Norway, Turkey, Greece, Malaya, Ceylon, Teri ar 
West Indies, Sweden, and also, of course, in Britain. 


Over 80 countries now have Marconi-equipped telegraph and 
communications services. Many of these are still giving trouble-free 
service after more than twenty years im operation. 


Lifeline of communication 


MARCONI 


COMPLETE COMMUNICATION SYSTEMS 


Surveyed, planned, installed, maintained 


=i 
MARCONI’S WIRELESS TELEGRAPH CO., LTD., CHELMSFORD,. ESSEX Lc 10 
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Marconi VF operated 
Telegraph Recording Unit 


TYPE HU Il 


The Type HU II recording unit (Frequency Shift Adapter) is 


Pie Hn ehownchere is for intended for use in association with a suitable communication 


bench mounting. It can also be receiver of on/off or frequency shift transmissions. 
built in to a standard rack or 
cabinet containing the associated 
receiver. It is designed in ac- double-current signals suitable for operating an 
cordance with the Marconi prac- 
tice of providing integrated units 
which can be rearranged when current up to 30 mA. The only modification necessary in the 
an initial basic installation is ex- 
panded to provide additional 
facilities A double-current teleprinter may be operated directly and 


The AF output of the associated receiver is converted into 
undulator, relay or similar equipment requiring a space-mark 
receiver is readjustment of the BFO frequency in some cases. 


single-current teletype machines through a polarised relay. 


Over 80 countries now have Marconi equipped telegraph and communication systems. 
Many of these are still giving trouble free service after more than 20 years in operation. 


Lifeline of communication 


MARCONI | 


COMPLETE COMMUNICATION SYSTEMS 
Surveyed, planned, installed, maintained 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSEX 


Partners in progress with The ‘ENGLISH ELECTRIC’ Company Limited 
LCI 
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- Marconi VHF 
Multi-Channel Equipment 


| TYPE HM 181 


Multi-channel radio links are not only recognised 
economic alternatives to line and cable routes wherever 
the latter are costly because of intensive urban 
development or the wild nature of the terrain; they 
are frequently preferable in their own right. The type 
HM 181 equipment has been designed for compara- 
tively simple schemes using two terminals working 
point-to-point or with a limited number of repeaters. 
It operates in the frequency range 150-200 M¢e/s, 
employs frequency modulation and gives high perform- 


ance with low distortion. 


It provides the following facilities :— 


® 8, 16 or 24 channels 

® Repeaters with easy channel dropping facilities 
® Unattended operation 

@ Engineers’ order wire 


® Ease of access for maintenance 


Over 80 countries now have Marconi equipped telegraph and 
communication systems. Many of these are still giving trouble free 
service after more than twenty years in operation 


SN 


Lifeline of communication 


MARCONI 


COMPLETE COMMUNICATION SYSTEMS 
Surveyed, planned, installed, maintained 


MARCONI’S WIRELESS TELEGRAPH CO., LTD., CHELMSFORD, ESSEX 


Partners in progress with The ‘ENGLISH ELECTRIC’ Company Ltd.. 
af Lc7 


cable Clip... 
. . Gives complete security 


‘his non-metallic high-dielectric cable clip provides the safe 

ieans of securing cable looms and components in all radio and 
lectrical equipment. The Plasklip is manufactured in a very 
xtensive range covering all wiring requirements. Made in non- 
magnetic materials with radiused edges. Fully tropical. Approved all 
srvices. 


the r the quick els 


BUSH 
SS 


Saves time and money 

Non-metallic * Fully Tropical 
[ere is a Bush designed for instant 
sembly by a simple snap on finger 
tion. Completely secure under all 
orking conditions. High dielectric. 
pproved all services. 


amples and literature available on request. 


NSULOID MANUFACTURING COMPANY LIMITED 


harston Works, Leaston Ave, Wythenshawe, Manchestere Tel.: Wythenshawe 2842 


NEWTON-DERBY 


ELECTRICAL EQUIPMENT 


High Frequency Alternators 


(Send for Publication No. 1003/2) 


Also makers of Rotary Transformers and Anode Converters, 

Wind and Engine-Driven Aircraft Generators, High Tension 

D.C. Generators, and Automatic Carbon Pile Voltage 
Regulators. 


24kVA Motor Alternator. 
Drip proof to 45°. Motor 
220 volts D.C. utput 120 volts. 3 phase. 333 cycles per second. 
Motor includes an automatic constant speed governor. Weight 


450 lb. 


NEWTON BROTHERS 


(DERBY) LTD 


HEAD OFFICE & WORKS: ALFRETON ROAD, DERBY 
TELEPHONE: DERBY 47676 (4 lines) TELEGRAMS: DYNAMO, DERBY 
LONDON OFFICE: IMPERIAL BUILDINGS, 56 KINGSWAY W.C.2 


THE 


INSTRUMENT 
MODEL 


Specially designed for soldering 
operations in the compact 
assemblies used in present’ 
day radio, television and 
electronic industries. 
Weight 31 oz. 
(excluding flexible). 


Length9in. 25 Watts. 


Voltage Range 
12, 24, 50, 100/110, 
120/130, 200/220 
and 220/240. 


Interesting 
features 


1. Bit ~” diameter, 
simple to replace. 


2. Steel cased element, 
also replaceable. 


3. Detachable hook for sus- 
pending iron when not in use. 


4. Moulded two part handle, re- 
mains cool in use. 


5. Six ft. Henley 3-core Flexible. 


mane 


ELECTRIC 


W. T. HENLEY’S TELEGRAPH wpe oe aa 


WORKS CO., LTD., 
51/53, Hatton Garden, London, E.C.1 


* 


IMPREGNATE 


your coils with ease 


BLICKVAC 


High Vacuum Impregnators meet the most stringent specifications and 
yet are easy to handle. Full range of models available to meet the needs 
of the large-scale producer, the research laboratory or the small Rewind 
shop. 

Outstanding Features: 


@ Ease in control 

@ Ease in cleaning 

@ Elimination of vibration 
® 


Unequalled flexibility and 
performance 


Simple attachment of 
auxiliary autoclaves 


@ Units available suitable 
for Varnish, Wax, Bitu- 
men and Potting Resins. 
Users include M.O.S., 
NCB GEG. ERyes 
Marconi, Metro-Vick. 


If your problem is COIL IMPREGNATION or impregnating or casting 
with Potting Resins consult: 


BLICKVAC ENGINEERING LTD 


Jarrow 89-7155 
Monarch 6256/8 


* 


Bede Trading Estate, Jarrow, Co. Durham 
96-100 Aldersgate Street, London, E.C.1. 


* 
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RELAYS = 


HERMETIGALLY SEALED 


“Series 595H” is a hermetically sealed 
version of our series 595 Relay, which is 


already well known to the aircraft industry. COIL: ; 

The armature design reduces the effects of if all standard Nol eae 
Sees ome to 110 V, D.C. Working 

shock, vibration and acceleration; a spring range between plus 10% 

type armature hinge eliminates backlash, and minus 20% of rating. 


friction and risk of displacement. CONTACT COMBINA- 
TIONS: Up to 2 pole 
changeover. 

SE: 


International octal. 
WEIGHT: 3} ozs. 


DIMENSIONS: 
Diameter—I #4” overall. 
Height—28” overall. 


SERIES 595 SERIES 595H 


Telephones Newmarket 3181-2-3 Telegrams: Magnetic, Newmarket 


MAGNETIC DEVICES LTD 


NEWMARKET 


ITS THE ROLLS: ROYCE PERFECTION 


2 on ot THAT COUNTS 


DEAR SIRS, 

I am a customer, having 
two of your Transformers, 
which I believe are the best in 
the world. . 


G.L.A.B., Washington, U.S.A. 


Savage ‘“‘Massicore’” ‘Trans- 
QstORyy, formers are meeting more 
we ON exacting electronic needs than 


fay ever before—including those 
SAVAGE jig DEVIZES) of Rolls-Royce, makers of the 
we best car in the world. 


SAVAGE TRANSFORMERS LTD., NURSTEED RD., DEVIZES, WILTS. Telephone: DEVIZES 932 ” 
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Large quantities of Ediswan Clix P.T.F.E. Valve- 
holders are used in B.B.C. Television equipment. 

Only the combination of the finest insulation— 
P.T.F.E., the most efficient contact material— 
Berylium copper—and Ediswan Clix design and 
manufacture can match the requirements of efficiency 


Why Ediswan Glix P.T.F.E. 
Valveholders are widely used 
in B.B.C. Television equipment 


valveholder applications. 

Ediswan Clix P.T.F.E. Valveholders are fully type 
approved for Services Grade 1, Class 1 conditions. Full 
details of these valveholders and other components in 
the Ediswan range are given in catalogue CR. 1681. 
Manufacturers and Development Groups may have a 
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and reliability in this and all other stringent copy on request. 


EDISWAN 


ElLIDX 


RADIO, TELEVISION & ELECTRONIC COMPONENTS 


THE EDISON SWAN ELECTRIC COMPANY LIMITED, Member of the A.E.I. Group of Companies 
155 Charing Cross Road, London, W.C.2 and Branches. Telephone: Gerrard 8660. Telegrams: Ediswan Westcent, London 
CR3 


b 
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CARPENTER poi ARIZED RELAYS 


have these outstanding features 
HIGH OPERATIONAL SPEED - HIGH SENSITIVITY 
FREEDOM FROM CONTACT REBOUND 
NO POSITIONAL ERROR « HIGH CONTACT PRESSURES 
EXCEPTIONAL THERMAL STABILITY » EASE OF 
ADJUSTMENT e ACCURACY OF SIGNAL REPETITION 


The Carpenter Polarized Relay will respond to weak, ill-defined or short- 
duration impulses of differing polarity, or it will follow weak alternating 
current inputs of high frequencies and so provide a continuously operating 
symmetrical changeover switch between two different sources. : 

Five basic types are available with a wide range of single and multiple 
windings. Particulars of the type best suited to your purpose will be gladly 
supplied if you will send us your circuit details. 


Manufactured by the sole licensees 


‘TELEPHONE MANUFACTURING CO. LTD 


Contractors to Governments of the British Commonwealth and other Nations 
, 


HOLLINGSWORTH WORKS, DULWICH, LONDON, SE2I 
Telephone GIPsy Hill 2211 


‘ : WE 
D C O pao ee 


| 
SOLDERING INSTRUMENTS | | 
& ALL | 
ALLIED EQUIPMENT | | b 0. @ 
ie SU ees. sLEWCos' 
 toal’ JOINTS | 
FOR | Insulated Resistance Wires 


VOLT RANGES 


FROM SOUND | with standard coverings of 


| 
6/7 to 230/50 VOLTS EQUIPMENT / cotton, silk, glass, asbestos, 
pained ates standard enamel and synthetic 
———— enamel are supplied over a 
/ large range of sizes. 
ADCOLA / Send for leaflet LBI1 
ep SRF sues ; / THE LONDON ELECTRIC WIRE COMPANY 
Head Office & Sales | 
GAUDEN ROAD TELEPHONES | AND SMITHS, LIMITED 
CLAPHAM HIGHSt. MACaulay 4272 CHURCH RD., LEYTON, LONDON, E.10 
LONDON, S.W.4 Incorporating Frederick Smith & Company 
Associated with The Liverpool Electric Cable Co, Ltd. and Vactite Wire Co. Ltd. . 
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LOW COST—SMALL SIZE 
LOW BATTERY DRAIN 
MOBILE RADIO TELEPHONE 


On airfields, in dockyards, in civil 
engineering and industry, operations reach their 
peak of speed and efficiency with the Pye “Reporter”. 
All mobile personnel over a wide area can be contacted 
instantly through this compact and economical 
equipment which is quickly fitted to any vehicle. 
Control is simpler and swifter because wasted time 
and misunderstandings are eliminated. The Reporter 
enables four vehicles to do the work of five. 
Pye Telecommunications are the largest 
suppliers of commercial 2-way radio in Europe 
and supply over 75°% of British requirements. 


Telecommunications 


CAMBRIDGE 


R 


Pye (New Zealand) Ltd. Pye Canada Ltd. 
Auckland C.I., New Zealand Ajax, Canada 


| Pye Radio & Television (Pty.) Ltd. Pye Limited 
Johanhesburg atnatcie 
South Africa exico City 


YE LIMITED ee 


ENGLAND 


Pye-Electronic Pty., Ltd. . Pye (Ireland), Ltd. 
Melbourne, Australia Dublin, Eire 


Pye Limited Pye Corporation of America 
Tucuman 829 270, Park Avenue 
Buenos Aires New York 


CAMBRIDGE --> ENGLAND 


. PHONE TEVERSHAM 3l!I 


RICHARD JOHNSON & NEPHEW LTD. FORGE LANE MANCHESTER II 


ZENITH 


(REGD. TRADE-MARK) 


Automatic 


VOLTAGE REGULATOR' 


with Electronic Control 


Essential for many purposes where 
a constant pre-determined supply 
voltage is required, these Regulators 
are designed to give a controlled 
output voltage within 1% with 
input voltage 
variations up 
to plus or 
minus 10%. 
Manufactured 
for single- and 
three-phase 
loads from 5 
up to 23 kVA 
per phase. 


Illustrated 
brochure _free 
on request. 


j 
The ZENITH ELECTRIC CO. Ltd 


ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREE? 
LONDON, N.W.2 


Telephone: WILlesden 658 1—5 Telegrams : Voltaohm, Norphone, Londo 


MANUFACTURERS OF ELECTRICAL ENGINEERING PRODUCT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


ELECTRICAL 
TESTING 
INSTRUMENTS 


AN \\ 
= 


range A.C./D.C, 
Electrical Measur- 
ing Instrument of 
B.S. 1st grade accuracy, pro- 
viding fifty ranges of readings 
on a_ §-inch hand-calibrated 
scale fitted with an anti-parallax 
mirror. 
The meter will differentiate 
between A.C. and D.C. supply, 
the switching being electrically 
interlocked. The total resistance 
of the meter is 500,000 ohms. 
CURRENT: A.C. and D.C. 
0 to 10 amps. 
VOLTAGE: A.C. and D.C. 
0 to 1,000 volts 
RESISTANCE: Up to 40 meg- 
ohms. 
CAPACITY: .01 to 20uF. 
AUDIO-FREQUENCY 
POWER OUTPUT: 0-2 watts. 
DECIBELS: —25Db. to + 16 Db, 


The instrument is self-contained, 
compact and portable, simple to 
operate and almost impossible 
to damage electrically. It is pro- 
tected by an automatic cut-out 
against damage through severe 
overload. 
Power Factor and Power can be 
measured in A.C. circuits by 
means of an external accessory 
(the Universal AvoMeter Power 
Factor and Wattage Unit). 

Other accessories are available 
for extending the wide ranges of 
measurements quoted above. ; 


Write for fully descriptive pamphiet. 


Size: 8 ins. x 7} ins. x 44 ins, 
Weight: 63 Ibs. 


£19 : 10s. 


Sole Proprietors and Manufacturers 


THE AUTOMATIC COIL WINDER & ELECTRICAL EQUIPMENT CO. LTD: 
92-96 Vauxhall Bridge Road, London S.W.1 Tel. VICTORIA 3404/9 
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MARCONI-SIEMENS 


Five Band Split 
Privacy Radio 
Telephone Equipment 


(Type HW 12) 


Se es SS ey 


This equipment, which may be switched in or out of 
Pe use at the radio terminal, provides a very high degree 
of privacy for speech on a radio-telephone circuit by:- 
(1) splitting the speech band of 250-3000 c/s into five 
: sub-bands of 550 c/s and recombining them in different 
relative positions, on 
(2) inverting the frequency range of any one or more - 
of the sub-bands, and 
(3) rearranging the combination of the sub-bands 
simultaneously at both ends of the radio-circuit in 
accordance with a pre-arranged sequence at controlled 
I. intervals between 4 and 20 seconds. 
The resulting speech band, which modulates the trans- 
mitter, is unintelligible and the frequent regrouping of 
the sub-bands, with or without inversion precludes any 
simple method of interception. A reversal of the 
process at the distant terminal restores the original 
speech. The processes involved are reversible, thus 
common channel equipment can be used for both 
transmission and reception. Amplifiers in the privacy 
path compensate for the losses in band splitting and 
recombining. The simultaneous switching system, 
Operates by means of relays under the control of a 
synchronous motor driven by a high precision crystal 
oscillator, this does away with the need for a trans- 
mitter pilot tone. 


iEMEN 
ROTHER 


| THE LINK BETWEEN RADIO AND LINE COMMUNICATIONS 


Full technical details of this and other Marconi-Siemens equipment, 
which provides completely integrated radio and line telegraph 
and telephone systems may be obtained from either 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX 


OR SIEMENS BROTHERS & CO., LIMITED, WOOLWICH, LONDON, S.E.18 eo 
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<> FREQUENCY STANDARD ...» 


THE AIRMEC FREQUENCY |STANDARD TYPE 761 has been 

‘ designed to fill the need for a self-contained frequency standard of 
moderate cost and high accuracy. It incorporates an oscilloscope for visual 
frequency comparison, and a beating circuit and loudspeaker for aural 
checking. A synchronous clock, driven from a voltage of standard 
frequency provides a time standard and enables long time stability checks 
to be made. 


@ Master Oscillator: Crystal-controlled at a frequency of 
100 ke/s. The crystal is maintained at 
a constant temperature by an oven. 


@ Outputs: Outputs are provided at 100 c/s, 
1 kc/s, 10 ke/s, 100 ke/s, and 1 Mc/s. 
@ Waveform: The above outputs are available, 


simultaneously with sinusoidal or 
pulse waveform from separate plugs. 


@ Stability: Four hours after switching on a short 
term stability of better than 1 part 
in 10° is obtained. 


Full details of this or any other Airmec instrument will be forwarded gladly upon request. 


xan HIGH WYCOMBE BUCKINGHAMSHIRE ENGLAND 
AIRMEC ' ee 
i a as i eee Telephone: High Wycombe 2060 Cables: Airmec, High Wycombe 


QIN RN 


In Science and Industry alike... 


\ \ 


\ 


among technicians, manufacturers and those 


i. engaged in the sale of electrical products — as 


well as among the public at large, the Philips 


\ \ ~~ emblem is accepted throughout the World as 


a symbol of quality and dependability. 


PHILIPS ELECTRICAL LTD 


CENTURY HOUSE, SHAFTESBURY AVENUE, LONDON, W.C.2 


RADIO & TRURVISION RECEIVERS + RADTOGRAMS & RECORD PLAYERS * GRAMOPHONE RECORDS * TUNGSTEN, FLUORESCENT, BLENDED AND DISCHARGE LAMPS & 

LIGHTING EQUIPMENT + “PHILISHAVE’ BLECTRIC DRY SHAVERS © ‘PHOTOFLUX’ FLASHBULBS + HIGH FREQUENCY HEATING GENERATORS + X-RAY EQUIPMENT 

FOR ALL PURPOSES + RLECTRO-MEDICAL APPARATUS * HEAT THERAPY APPARATUS + ARC & RESISTANCE WELDING PLANT AND ELECTRODES * ELECTRONIC 

MEASURING INSTRUMENTS * MAGNETIC FILTERS + BATTERY CHARGERS AND RECTIFIERS + SOUND AMPLIFYING INSTALLATIONS + CINEMA PROJECTORS + TAPE ea 
P23 
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SSS 


SG 
MG... 


\N 


RBC. SS. 
NG 
WCE 
GE 
SN 
SSS 
NS 
SSSGRS 
SS. GE 
SS 
SN 


link with 
sola ; Community 


NS 
WN 
Xs 5 


RADIO 
TELEPHONE 


* No Change in Normal Telephone 
Operating Procedure 


* Mains or Battery Operation 


* Signalling Units for All Types of 
Circuit 


The V.H.F. link provides the most 


Subscriber 


practical means of direct communica- pole-mounted 


tion between isolated communities battery operated 


in all areas where the nature of the SS 
terrain or distance involved preclude 
the use of open wires for junction or 
subscribers’ lines. Dialling facilities 
can be employed, and the radio 
equipment can be interposed in a 
standard line circuit in any part of a 
telephone system without modifica- 
tion to switching equipment. 


.Exchange 
equipment bay 


Pema bee te hehMONE & ELECTRIC CO. LTD. 


Radio & Transmission Division, Strowger House, Arundel Street, London, W.C.2 
*Phone: TEMple Bar 9262. ’Grams: Strowgerex London. 


AT 14511-Bx107 
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SIEMENS 
R.ILN.D. CABLE 


Radially 
Impregnated 
Non-draining 
Cable 


Development 


The R.J.N.D. Cable is 
RADIALLY IMPREGNATED 
under strictly controlled conditions 
thereby presenting a new technique 
in cable manufacture. The paper 
insulation is thoroughly dried and 
impregnated, but contains no 
superfluous compound. Dimen- 
sions in accordance with B.S.480: 
1954 specification for normal 
belted type cables. 

R.I.N.D. cable is suitable 
for general use, but is indispensable 
for situations where steep gradients 
and high ambient temperatures are 
encountered. No special jointing 
method is necessary, standard 
joint boxes are used. 


SIEMENS R.1.N.D. CABLE... 
Passes Drainage Test in B.S.480/1954 
Has no critical temperature 

Gives no overload troubles 


Causes no difficulty with bending 


% 


For voltages up to and including 11,000 


SIEMENS BROTHERS & CO. LIMITED, 
WOOLWICH, LONDON, S.E.18. 


Member of the A.E.I. Group of Companies 
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TOROIDAL 


POTENTIOMETERS | 


Ceramic Insulation only—and approved for 
Tropical conditions. Complete Ceramic 
Rings for strength. Also a large range of 
precision Toroidal-wound Potentiometers 
and Helical Potentiometers, 3 and [0 turn. 


TYPE F (Precision Low 
Torque Potentiometer). 
Similar model, larger 
diameter (13”) 

TYPE G rated at 

1 wattalso 

available. 


500-25,000 
ohms. Torque: 
0.005 oz/inches. 

Winding 270°-355° 


Available in plain bearing. 


Have you a copy of this 
catalogue? If not, write for 
list No. 215 


P - X * FOX LIMITED 


HAWKSWORTH ROAD 
HORSFORTH + YORKS 


Tel: Horsforth 2831/2 
Grams: Toroidal, Leeds 
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THE NEW 
MARGONI SIGNAL GENERATOR 


TYPE TF 801B 


NORMAL OUTPUT: 0.1 uV to 0.5 volt, c.w. or modulated to 30%, available under all 


conditions ; 90% modulation at most carrier frequencies. 
HIGH OUTPUT: up to 2 volts c.w., or | volt modulated, at most carrier frequencies. Sine 


: For external pulse modulation, r.f. band- 


width extends to 3 Mc/s. Output impedance : 50 ohms. A.C. mains operated. 


MARCONI insTRUMENTS 


SIGNAL GENERATORS + BRIDGES + VALVE VOLTMETERS + QMETERS + WAVEMETERS : 
FREQUENCY STANDARDS + WAVE ANALYSERS + BEAT FREQUENCY OSCILLATORS 


a.m. : 1000-c/s internal or 30 c/s to 20 kc/s external. 


HERTS - TELEPHONE: ST. ALBANS 6160/9 


MARCONI INSTRUMENTS LTD - ST. ALBANS . 
19 The Parade, Leamington Spa. Phone: 1408 


30 Albion St., Kingston-upon-Hull. Phones Hull Central 16144. 


Managing Agents in Export: 


+ MARCONI HOUSE - STRAND + LONDON + W.C,2 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED 
Tcés 
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MODEL 770R—19 Mc/s.to 165 Mc/s. CONTINUOUS 


MODEL 770U—150 Mc/s.to 500 Mc/s. CONTINUOUS 


FOR MONITORING, FIELD TESTS, LABORATORY PURPOSES ETC, 


@ A.C. operation. 110-250 volts. 40-60 cycles. 


@ Dimensions 163” x 15” x 8?’. 
@ Weight 60 Ibs. 


@ Highly efficient signal frequency circuits. 
@ Substantial diecast rotary coil turret. 


@ Excellent frequency’ stability and 


selectivity. | 


Accurate re-setting and ease of handling. 


High sensitivity and excellent signal-to- 
noise ratio. 


® 
@ 
@ For AM and FM. 
@ 


Robust construction and outstanding 
reliability. 


@ ‘‘S’’ Meter. Noise Limiter. 
@ Preferred type valves. 


+ 


@ Finest workmanship. - a 


PLEASE WRITE FOR FULL SPECIFICATION TO THE MANUFACTURERS: ‘ 


ELECTRICAL 
STEEL 
LAMINATIONS 


ALL SIZES 
AND FOR ALL 
FREQUENCIES 


TELEPHONE 
DIAPHRAGMS 


A MEMBER OF THE RTSC GROUP 


OO COOKLEY WORKS, BRIERLEY HILL, STAFFS. 
Head Office: RTSC HOUSE, PARK ST, LONDON, W.I 


THE PROCBERINGS 
OF THE INSTITUTION 
OF ELECTRICAL ENGINEERS 


TEN-YEAR INDEX 
1942—I951 


TEN-YEAR INDEX to the Journal of The 

Institution of Electrical Engineers for the 
years 1942-48 and the Proceedings 1949-51 
(vols. 89-98) can be obtained on application 
to the Secretary. 


The published price is £1 5s. od. (post free), 
but any member of The Institution may have a 
copy at the reduced price of £1 (post free). 


et eee 
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POWER 
RECTIFIERS 


These Mercury Vapour and Xenon filled 

power rectifiers are robust and can be relied 
upon for long and satisfactory service. The out- 
put table shown herewith is calculated for a 


three-phase, full wave arrangement. Full 


technical data and operating instructions 


are available on request. 


B 3 ag 

: : Filling Bs 

a oO eo) Z 
AH 200 CV 1628 Mercury Vapour 90 
AH 213 _ » ” 90 
AH 201 _ » » 75 
AH 205 CV 2673 0 Bo. 630 
AH 211 CV 532 cf 39 , 90 
AH 221 CV 5 ee a 36 
AH 217 _ fe » 36 
AX 224 CV 1835 Xenon 7 
AX 228 —_ = 36 
AX 230 CV 2518 % 36 


ENGLISH ELECTRIC 


1 Waterhouse Lane, Chelmsford 
NE CO. LTD. Telephone: Chelmsford 3491 


AP300/18 
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~“ 


Make sure you have a copy 
of the latest 1955 edition of 
publication P.M. 112 
“Permanent Magnets for 
Television Receivers.” For 
loud speaker magnets see 
publication P.M. 108. 


PERMANENT MAGNETS 
17 for TELEVISION RECEIVERS 
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Me: 


MADE BY THE DESIGNERS & MANUFACTURERS OF ECLIPSE PERMANENT MAGNET CHUCKS 
JAMES NEILL & CO. (SHEFFIELD) LTD. 


SHEFFIELD 11 


ENGLAND 


M4 


THE PROFESSIONAL ENGINEERS APPOINTMENTS BUREAU 


Incorporated under Limited Guarantee, 1947 
(Licensed annually by the London County Council) 


9 VICTORIA STREET, LONDON, S.W.1 


The Principal Objectives of the Bureau are: 


I. To Aid Employers. 

To receive inquiries from employers seeking the services of 
qualified professional engineers and to advise such employers, 
if required, as to the qualifications desirable for the particular 
vacancy. 

To submit to employers particulars of persons registered with 
the Bureau, the qualifications of whom seem to fit them for the 
appointments. 


2. To Aid Members of the Institutions of Civil, Mechanical and 
Electrical Engineers. 


To receive applications for registration for employment from 
engineers, who by reason of their engineering qualifications are 
Corporate or Non-Corporate Members of the Institution of 
Civil Engineers, The Institution of Mechanical Engineers, or 
The Institution of Electrical Engineers (excluding Associates of 
The Institution of Civil Engineers); and to charge and receive 
such registration fees and appointment fees as may from time 
to time be determined by the Bureau. 


To give advice generally in matters relating to the employment 
of professional engineers. 


EMPLOYERS 


Employers of professional engineers who have vacancies to 
be filled, are invited to notify such vacancies to the Bureau and 
to furnish the following particulars: 

(1) Title of post with description of duties involved. 

(2) Age range. This should be made as wide as possible. 

(3) Salary offered and supplementary remuneration, if any. 

(4) Professional, ear om and/or special qualifications, e.g. languages. 

(5) Location of * work 

(6) Coulda successful candidate be assisted in finding suitable living accommodation 

locally ? 

(7) Does the post involve control of staff? If so, to what extent? 

(8) Any other information which will assist in the selection of candidates. 


Notifications of vacancies in Commonwealth countries are 
particularly welcome. 

The Bureau deals with all classes of appointments ranging 
from practical training for Students to executive or administra- 
tive posts for senior Corporate Members. 


MEMBERS OF THE THREE INSTITUTIONS 


Members of the three Institutions who wish to register with 
the Bureau for employment may obtain the necessary forms on 
application to the Registrar. The grade of membership should 
be stated, and a stamped addressed foolscap envelope should be 
enclosed. 


The Professional Engineers Appointments Bureau receives a number of applications for assistance from young graduate 
engineers, Civil, Mechanical and Electrical, who require practical experience as trainees. The Bureau would therefore be grateful 
to receive from ‘firms advice of such vacancies as they occur, or when annual intakes are being considered. 
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MARCONI GRYSTALS for Stability and Precision 


Surface Grinding 


cS 


FREQUENGY RANGE 1°6 Ke/s TO 55 mois 9 rte Lennie 


The experience gained in manufacturing quartz 


crystals to the stringent requirements of our own 
apparatus and those of the Services, enables us to offer a comprehensive 
range of crystals covering the frequency band 1.6 Kc/s to 55 m¢c/s. 
Years of intensive research and development work in this field guar- 


antee the reliability and quality of this Marconi Product. 


Lifeline of communication 


e ive A RC @) Bul 5 - Testing—Grid Current Recording 


“ 


ey 


MARCONI’S WIRELESS TELEGRAPH CO. LTD., CHELMSFORD, ESSE X Telephone: Chelmsford 322! 
CR2 
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THERMIONIC VALVES 


The First Fifty Years 


A special publication of 
THE INSTITUTION OF ELECTRICAL ENGINEERS 
reporting the celebration of the Jubilee 
of the thermionic valve 


Price 9s. 


Profusely illustrated, printed entirely on art paper and bound in substantial semi- 
stiff covers, the Institution publication entitled “Thermionic Valves—the First 
Fifty Years” made its appearance towards the end of June. As already 
announced, this book contains the lectures delivered by Sir Edward Appleton, 
Professor G.W. O. Howe and Dr. J. Thomson at the Jubilee Meeting in Novem- 
ber, 1954, together with brief descriptions of about 250 valves—from Fleming’s 


diodes to travelling-wave tubes—which were gathered together for the occasion. 
The size of the book is 76 pages, demy quarto, and its price (post free) is 9s. to 
the public, and 4s. to members of The Institution. The edition is limited and 


orders should be sent to the Secretary without delay. 


Obtainable on application to the Secretary 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACE, LONDON, W.C.2 
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| Advance ? METER 


TYPE! 
ER WoLAND 


Lor ) e Direct reading of “Q” Range 10-400 


e “C” by substitution. 


The ADVANCE “Q” Meter is different! It is @ Rapid calculation of “L” and “Z”’ 


small, portable and has an excellent specification 
—a useful addition to any electronic laboratory 
and well suited for production testing. 
Furthermore, it is offered at a price to suit all 
applications. With the Tl, RF measurements 
can be made of “ Q” inductance, impedance, 
capacitance and power factor at frequencies 
between 100 ke/s. and 100 Mc/s. 


e No “ Set-Zero ”’ problems 


@ Small and portable 


Full details in leaflet A/31 which we will be 
pleased to forward.on your request. 


ADVANCE COMPONENTS LTD. Marlowe Rd.,Walthamstow, London, E.I7 Tel: LARkswood 4366/7/8 
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TELEVISION CAMERAS 


In June 1920 the first advertised sound _ ~ Sud! 0 EQUI PM ENT 
radio programme was broadcast from the Marconi DIO LINKS 


transmitter at Chelmsford. To-day Marconi AND TRANSMITTERS 
high or medium power transmitters and high power — AE RI AL Sy STEM s 
aerials are installed in every one of the B.B.C’s 

television transmitter stations and Marconi OU R TELEVISION 
television systems are being supplied to countries INDUSTRIAL TELEVISION 


in North and South America, Europe and Asia. 


MARCONI 


Complete Television and Sound Broadcasting Systems 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED + CHELMSFORD «+ ESSEX 
LG3 
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A ta | d 1 te : pst eda resins — 
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> 
Cc 
; A ra ] dj 1t e? epoxy resin adhesives 


epoxy surface coating resins : A ra ] d it 3 : 
| VU 
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FULL DETAILS WILL BE 


Aero Research Limited 
A Ciba Company 


Duxford Cambridge. Telephone : Sawston 187 
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with Ferroxcube pot cores 


1. High performance combined with small size and light weight. 
2 Designed and built to customers’ individual requirements. 


3 Long term stability, even under conditions of temperature variation. 


High quality electrical filter units built around Ferroxcube cores can now 

be supplied to communications equipment designers’ individual specifications. 
These filter units have significant advantages.over comparable types 

designed without the use of Ferroxcube, particularly in the frequency range 
300 c/s to 500 ke/s. For audio frequencies the use of Ferroxcube cores permits 
the winding of compact coils with very high inductances. This results 

in a considerable reduction in the size and cost of the associated condensers 
and hence of the filter unit as a whole. The high Q values obtained 

for a given volume, especially above 10 kc/s, enable sharp cut off 
characteristics and low pass-band losses to be achieved, while negligible 

stray flux facilitates the production of compact and mechanically robust filters. 
Electrical filter units are among a number of-high quality components 

now being made available by Mullard. Full details of the complete series. 

of components will be gladly supplied upon request. 


Mullard 


MULLARD LTD + COMPONENTS DIVISION + CENTURY HOUSE + SHAFTESBURY AVENUE + WO2 | 


‘Ticonal’ alloy permanent magnets 
Magnadur permanent ceramic magnets 
Ferroxcube ferro-magnetic cores, 


(M1463) 


re a ee ae Tw 723 et: - -* 2. 


( Xxxv ) LE.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


20 Mc/s FREQUENCY MONITOR 


The Automatic Frequency Monitor (20 Mc/s) 
is but one of a series of high grade monitors 
now in course of manufacture for the accur- 
ate measurement of frequency. 


Employing hard valve techniques throughout, 
it will measure any frequency in the range 
10 c/s to 20 Mc/s to an accuracy within 
+ | part in 108. 


The result, in decimal notation, is presented 
on eight panel mounted meters each scaled 
from 0 to 9 and the unknown frequency is 
automatically remeasured every few seconds. 


This new equipment presents a considerable 
advance in frequency measuring techniques 
and apart from normal laboratory applica- 
tions, is ideally suited for incorporation in 
production testing routines. 


Full technical information on this and other 
frequency measuring equipment is available 
on request. 
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keeps the Doctor awake; in fact, a violent blow on the head is just the 
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SUMMARY 
A theory is presented for the mechanism of sub-harmonic generation 
a non-linear feedback system. This phenomenon is the occurrence 
components, in the output of a system, whose frequency is a 
ction of the input frequency. This sub-harmonic component is 
rarded as an oscillation of the closed-loop feedback system in the 
quist sense. The parameters of the system are modified to allow 
itinuous oscillation by the action of the input signal on the non- 
ear element. 
A connection is shown to exist between the open-loop frequency 
ponse and the conditions necessary for sub-harmonic oscillation. 
om this, sufficient limitations are obtained to ensure the absence of 
s phenomenon. 
Experimental work on a system with a cubic characteristic is 
luded. 


LIST OF PRINCIPAL SYMBOLS 


v,; = Instantaneous amplitude of the signal applied to the 
non-linear element. 
v, = Instantaneous amplitude of the output of the non- 
linear element corresponding to 2. 
w = Angular frequency. 
, © = Phase angles. 
a= Amplitude of the component of v; of sub-harmonic 
frequency. 
b = Amplitude of the component of v; of fundamental 
frequency. 
jw) = Open-loop gain of the linear system. 
(v;) = Gain of the non-linear element. 


(1) INTRODUCTION 


Many types of non-linear feedback systems exist which, when 
bjected to certain sinusoidal inputs, produce an output whose 
west-frequency component is a fraction of the input fre- 
ency. A common example is the relaxation oscillator, which 
n be set in continuous oscillation at a frequency much lower 
in, but synchronized with, an input or control signal. An 
)R resonant circuit, with an iron-cored inductor as the non- 
ear element, can be set in oscillation at a frequency near that 
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of natural resonance by the application of a suitable alternating 
voltage of twice this frequency. A moving-coil loudspeaker 
with non-uniform magnetic field? is another example of a device 
by which sub-multiple harmonics can be generated. 

This phenomenon can also occur in a class of remote-position- 
control servo mechanisms where saturation of the amplifier or 
motor provides a suitable non-linear characteristic. In all these 
cases the lowest frequency present at the output is a sub-multiple 
of the input frequency, and is usually at or near the natural 
frequency of oscillation. For this reason the phenomenon is 
known as “‘sub-harmonic resonance.” 

Because of the resonant nature of the phenomenon, the 
sub-harmonic component is often of large amplitude, so 
that the output is considerably different from that obtained 
when the phenomenon does not occur. For systems in which 
the output is intended to reproduce the input as closely as 
possible, as in the motion of a loudspeaker cone or of a servo 
motor, or for systems intended to respond only to a band of 
frequencies, this phenomenon can introduce an intolerable dis- 
tortion. Hence it is of importance to lay down conditions on 
the parameters of the system to ensure the absence of the 
phenomenon. It does not occur in linear systems, and must 
therefore depend on the non-linear characteristic involved in the 
system. 

In a practical system, it may be inconvenient or impossible to 
modify the form of the non-linear element. In this case it is 
important to decide how to modify the linear elements to 
eliminate sub-harmonic resonance. 

Conversely there may be fields of application for devices 
where the phenomenon is desirable. It will then be necessary 
to derive the form of a suitable non-linear element to ensure 
sub-harmonic generation. 

Previous work has accounted for sub-harmonic resonance 
by the solution of a non-linear differential equation, in which 
the non-linear characteristic is expressed as a power series.? 
There are two objections to this method. Since the output of 
the non-linear element is expressed as a power series of the 
input, successive approximations to the correct solution con- 
verge rapidly only if the amount of non-linearity is small. 
Thus the method is inapplicable to many practical systems, 
where sharp changes of slope occur—e.g. saturation effects. 
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The second and perhaps more important disadvantage is that 
the solution of a differential equation gives no physical picture 
of the mechanism of the phenomenon, or of any useful design 
criterion. 


(2) THE MECHANISM OF SUB-HARMONIC GENERATION 

The basic system considered is shown in Fig. 1, and contains a 
linear frequency-dependent portion of gain Y(jw) and a non- 
linear element whose gain N(v;) depends solely on the magnitude 


Linear 
element 


ee Non-linear 


element 
Input + 


Output 


Fig. 1.—Block schematic of the general system. 


of the input v; to this element. When the non-linear element is 
replaced by an element of unity gain, the resultant linear system 
is assumed to be stable. 

For the linear system, the superposition theorem is applicable, 
and hence the response of the closed-loop system to a given 
signal is independent of any other signal which is applied 
simultaneously. This is not the case for the system when a 
non-linear element is included in the feedback loop. In general, 
the response of the non-linear element to a given signal is 
modified if a further signal is applied at the same time. This 
further signal may be considered as varying the gain of the 
non-linear element for the primary input. Thus if the primary 
input V,¢/! is sinusoidal, the effect of an additional input is to 
vary the amplitude of the output V,e/e". A case of interest 
arises if the additional input is also sinusoidal, its frequency 
being an integral multiple of the primary input frequency. In 
this particular case, the output component of angular fre- 
quency w may be modified in both amplitude and phase by the 
presence of the additional input. This phase change is due to 
the intermodulation products generated by the non-linear 
element. 

Since the non-linear element is inserted in a feedback loop, it 
is evident that varying the gain of this element will affect the 
stability of the closed-loop system. For a range of sinusoidal 
inputs, the response of the non-linear element may be so 
modified that the closed loop is rendered oscillatory. Where 
.. the system is such that the open-loop frequency response, plotted 
on the complex plane, never cuts the negative real axis, the non- 
linear element must introduce a phase change for stable oscilla- 
tions to occur. This implies that the frequency of oscillation 
must be simply related to the frequency of the primary input. 
‘The case of interest is where the frequency of oscillation is a 
sub-multiple of the input frequency, giving the phenomenon of 
sub-harmonic generation. 

Thus sub-harmonic resonance is considered as an oscillation 
of the closed feedback loop. The loop gain necessary for this 
oscillation to be continuous is maintained by the action of the 
input on the non-linear element. 

To discuss this theory in a quantitative manner, it is necessary 
to determine the response of the non-linear element to a sinu- 
soidal signal with a further input of a harmonic frequency 
applied simultaneously. It is also necessary to consider the 
conditions required for the continuous oscillation of a non-linear 
feedback system. 

The second point is evaluated using the “‘describing function” 
technique, introduced by Kochenburger+ and Johnson.9 A 
summary of this theory is given in the following Section. 
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(2.1) The Describing Function i 


A linear feedback system is incapable of maintaining cc 
tinuous oscillations if the open-loop frequency-response loct 
plotted on the complex plane, does not enclose the (—1, 
point.!° If this response locus does enclose the —1 point, t 
system will oscillate with increasing amplitude. Only for t 
case where the locus passes through the —1 point will t 
oscillations be of constant amplitude.> 

In a continuously oscillatory system involving a non-line 
element, the amplitude of the oscillations increases to son 
constant value. This final state of oscillation implies that tl 
overall open-loop gain is such that the locus now passes throus 
the —1 point. The response locus is now both amplitude- ar 
frequency-dependent, and the amplitude and frequency of tl 
stable oscillations are the values ee oh to give an open-loc 
gain of —1. 

For the linear system, of open- joae u(jw), the closed-loc 
gain is 


Me 
C75 ieee) nn 


so that continuous constant-amplitude oscillations occur f 
%~=—-1. 

With a non-linear element in theloop of gain N(v,), whe: 
N(v;) is the ratio of the amplitude of the fundamental of tl 
output to the amplitude of the input sinusoid, the open-loo 
gain is (jw) N(v,) and the closed-loop gain becomes 


( jw)N(@;) 


Ge, °) = TE i GaN@) : 
- ee 
NG Ne) * b( jo) 
Thus oscillations of constant amplitude occur for 
—1 
Yjw) = nee ( 


—1/N(v,) is termed the describing function of non-linearity. 

To determine the amplitude and frequency of any stable osci 
lation of the closed loop, the frequency-dependent response « 
the linear system, (jw), and the amplitude-dependent describir 
function, —1/N(v;), are plotted on the complex plane. T! 
point of intersection of the two loci gives the required informatio: 

For the discussion of sub-harmonic resonance, the describit 
function relates the sub-harmonic components before and aft 
the non-linear element. This describing function depends ¢ 
the amplitude of the fundamental and sub-harmonic component 
on the phase relationship between them, and on the order | 
the sub-harmonic considered. 

It is shown in Section 8 that the sub-harmonic compone: 
undergoes a phase shift in passing through the non-lineari 
only if its frequency is a simple fraction of the input frequenc 
Considering one particular sub-harmonic frequency, tl 
describing function depends on three variables—the amplitud 
of the two components at the input to the non-linear eleme 
and the phase relationship between them. This input sign 
may be written 


v; =acoswt +bcos(nmwt+¢) . . . 


As ¢ is varied the describing function, plotted on the compl 
plane, follows a closed curve symmetrical about the real ax 
Zero phase change occurs for d = 0 and ¢ = m7. 

For the class of systems considered, b depends almost entire 
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m the amplitude of the primary input to the system, i.e. there is 
elatively little amplitude of this frequency component in the 
eedback signal in the frequency range considered. Thus b may 
ye considered independent of the amplitude of the sub-harmonic 
omponent. 

Thus for a given amplitude of input to the system, the 
lescribing function is a function of the two variables a and ¢. 
\ particular hard-spring non-linear element has a describing 
unction as shown in Fig. 2. 


J 


*Ge 


Increasing 


Fig. 2.—Describing-function loci of the cubic non-linearity! 
% = v? for variable ¢. 


b=0:°3. 


(3) A SPECIFIC NON-LINEARITY 


As an example of the method of procedure, a non-linear 
lement whose output is proportional to the cube of the input 
considered, 


oh Pou. a LAN io», 8 OD 


his example is taken because of the ease with which a complete 
lathematical treatment can be given, and it in no way provides 
limitation on the range of application of the theory. 

Let the input be of the form 


v;=acoswt+bcos(nwt+¢) . . . 
here 7 is greater than unity but is not necessarily an integer, 
= a3 cos} wt + 3a*b cos? wt cos (nwt + ¢) 


+ 3ab? cos wt cos? (nwt + 4) + b3 cos? (nwt + ¢) 


ie 
cos wt + —cos 3wt 


a) : 


3a3 
mileiee cc 
3a2b  3b3 3a2b 
ie e a =) cos (nwt + $) + “<-{oos [(n+2)ot+] 


| + cos [(n — 2)wt + $}} + 260" {cos [(2n + 1)wt + 4] 


Poco... wk... 8) 


yn. (8) may be rewritten with successive terms increasing with 

quency as 

Lae 
4 


3ab2 


2 
+ —— ) cos wt + ag cos [(n — 2)wt + 4] 


2 3 
+ ee cos [(2n — lhwt + J] + cos 3wt 


(9) 
It follows from eqn. (9) that there is a phase change in the 


and terms in nwt and higher 
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low-frequency component of the output only if the second or 
third term involves sin wt. For this it is necessary for 


n—2=1lor2ua—1=1 (10) 
i.e. nm = 3, or n = 1 which is neglected. 
Substituting n = 3 gives 
3a3  3ab? 3ab 
v= (= + =) cos wt + cos (wt + 4) 
and terms in 3w, etc. (11) 


The information required is the amplitude and phase change 
of the low-frequency component in the output, the amplitude of 
the fundamental, of frequency 3w/27, being regarded as pre- 
determined. 

Let the phase change be 6. From eqn. (11) it follows that 


—absin¢d 


ee 
bes a* + 2b? + abcos (12) 
As ¢ is varied, it may be shown that 
+ ab 
(tan 3)pae Ean (13) 


~ a/(a + 464 + 3a2b2) * 


If 5 is maintained constant and a is varied, the maximum value 
of tan 6 occurs for a = 4/(2)b, for which 6 = + 21°. 
Thus the describing function for this non-linearity always lies 


Fig. 3.—Boundaries of the describing function. 


in the area bounded by the lines 6 = + 21°, as shown in Fig. 3. 
This Figure shows the envelope of the describing function for 
several values of b. 


(3.1) The Experimental Non-Linear Element 


Since it is relatively simple to derive the theoretical response 
of the non-linearity previously considered, an experimental unit 
having an approximately cubic response has been constructed. 

The experimental non-linearity is basically an anode-follower, 
with resistive ratio arms. Diode switches are added, so that 
as the input amplitude increases the input resistance decreases, 
and hence the gain of the element increases. 

A total of 24 diodes are used (see Fig. 4), and the input resis- 
tances are calculated so that each diode changes the gain of 
the unit by a factor of 1:5. This is found to be a satisfactory 
compromise between the opposing claims of a smooth charac- 
teristic and a large total variation of gain. 

The non-linear element is to be inserted in a d.c. feedback 
loop, and to ensure that the input is of the form assumed 
eqn. (7), i.e. with no steady applied voltage, the input is applied 
through an RC network of large time-constant. This introduces 
negligible phase shift over the working range of frequencies. A 
d.c. path is provided by the high resistance Ro (see Fig. 4) in 


Ro 


—30 volts 
Fig. 4.—Circuit of the non-linear function generator. 
Ro = 4:7 MQ. R; =2MQ. Ry = 20kQ. 


order to minimize drift in the high zero-frequency gain elements 
of the linear system. 

Departures from the ideal cubic characteristic occur for very 
large inputs when saturation occurs, and for very small inputs, 
for which the element behaves linearly. 


(4) THE LINEAR SYSTEM 
Fig. 5 shows the envelope of the theoretical describing function 
for the non-linear element employed, the heavy line representing 


(Q () 


©) 


Fig. 5.—Derivation of the required frequency response. 


(a) Envelope of theoretical describing function. 
(8) Envelope of practical describing function. 
(c) Required frequency-response locus of the linear system. 


the region of proper operation of the unit. To ensure correct 
operation of the element where sub-harmonics are to be found, 
it is essential that the open-loop frequency-response locus of the 
linear system shall enter the critical area only where the practical 


Non-linear 


(a) B 
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+30 volts 
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unit functions correctly. Hence the required open-loop fre 
quency response is of the form shown. It is desirable for the 
response to fall as the frequency is increased, so that the open: 
loop system must have the following characteristics: 


(a) 90° phase shift at high frequencies. 

(6) 90° phase shift at low frequencies. 

(c) A phase shift of between 160° and 180° at some intermediate 
frequency. 


The 90° phase change is provided by a high-gain Miller 
integrator, which operates over the whole of the frequency range 
considered. The further phase lag required is given by elements 
of the form shown in Fig. 6(a). 

Using the notation shown in the Figure, the maximum phase 
shift @,,,.. is given by 


tan @ 


oe 1 
Ee) 


To give a phase change of 70° with one such element introduces 
a large attenuation at this frequency, and it is found preferable 
to use two elements in cascade, in which case 


The frequency at which the phase shift is a maximum is given by 
w? = 0:386C,R3 
The block diagram of the system is shown in Fig. 6(d). 


Phase-shift network 
+ + 


Integrator 


eS 


(o) 
. 6—(@ A phase-shift network. (6) Block diagram of the experimental system. 


— 
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(5) THE RESPONSE OF THE SYSTEM 


The frequency response of the above system in the absence of 
ub-harmonics may be evaluated using known techniques.7.8 
[his gives the variation of v, with the amplitude and frequency 
wf the input. The describing function for this value of v; is 
hen considered. If this cuts the open-loop frequency-response 
ocus at a frequency of one-third the input frequency, continuous 
ub-harmonic oscillations can result. These oscillations can be 
onsidered as an instability of the closed loop, owing to the 
idditional phase lag which is introduced by the non-linearity 
vhen a forcing sinusoidal signal is applied to the system. 

From Fig. 5 it is evident that the frequency of these sub- 
larmonic oscillations is approximately equal to the natural 
tequency of the system, so that the fundamental output is very 
mall for an input of three times this frequency. Thus it is 
egitimate to neglect the fundamental output amplitude initially 
n comparison with the input amplitude. 

It is to be expected that the sub-harmonic oscillation will not 


Sub-harmonics occur 
in this region 


Input amplitude, volts .m.s.)_ 


360 420 
Input frequency, c/s 


480 


300 540 


Fig. 7.—The region in which sub-harmonic resonance can occur. 


© Experimental points. 
x Theoretical points. 


(a) 


(4) 


Fig. 8.—Waveforms at the input and output of the system when 
sub-harmonic resonance occurs. 


(a) Input. (6) Output. 
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be self-starting in this system, since for small amplitudes of sub=- 
harmonic component the describing function is along the 
negative real axis and does not cut the open-loop frequency- 
response locus. This is verified experimentally, for no sub- 
harmonics are observed unless started by applying an impulse 
to the system. 

The results for the generation of sub-harmonics are given in 
Fig. 7. This shows the theoretical and experimental region of 
input amplitude and frequency in which sub-harmonics are 
generated. No stable sub-harmonic frequency of order other 
than one-third has been observed in the experimental system. 

Fig. 8 shows the waveforms at the input and output of the 
system when sub-harmonic resonance occurs. 


(6) CONCLUSION 

A method has been presented giving a graphical analysis 
of the generation of sub-harmonic frequencies. These sub- 
harmonics are shown to be due to the input signal modifying 
the response of the non-linear element to a further signal. This 
can result in a phase change for a further signal whose frequency 
is a sub-multiple of the input frequency. 

In this manner a system which is expected to be stable for all 
inputs may produce troublesome forced oscillations. General 
criteria are developed showing the conditions for the absence of 
these sub-harmonic oscillations. Experimental work agrees with 
these results for a particular system. 

Further work is proceeding on the analysis of systems where 
the non-linear element is directly coupled into the feedback 
loop. In this case, a second-order sub-harmonic may be 
generated, owing to a steady voltage at the input to the non- 
lunearity making its response asymmetrical in form. In such 
cases, calculation of the describing function becomes extremely 
laborious. 
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(8) APPENDIX 


Any single-valued non-linearity may be expressed in the form 


a Da A,,(v;)" 


m=0 


(14) 
Let the input be 


v; = acos wt + bcos (nwt + ¢) 


(15) 


where 7 is greater than unity, but is not necessarily an integer. 
The output is of the form 


co 


m 
> B, cos” wt cos™—" (nwt + ¢) 


(16) 
m=0 r=0 
This may be written 
v= x > B(ejet + e Jot) eitatt9) ab eSnatto)|mrr . (17) 
m=0r= 


The bracketed terms may be expanded to give terms of the form 


: 
(efot + g—jot)yr — >S Cee apyat 
p=0 


q=m-r 
[esmott) oo Ee OnLe) ar = » Deir —t—2aaat + ®) 
q=0 


(18) 


Thus, multiplying the two general terms, the resultant is 


722 


r 
> Ege ((n—r—2q)n Bile dig cei Came nay 
q=0 


(19) 


m=cor=m r 
x [ 
r=0 p=0 


m=0 D 
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Vn 
Thus for a resultant of angular frequency w it is necessary for ; 


(m — r — 2g)n + (r — 2p) = 1 


- 2 
” m= pa 


where m, r, p and q are all integers 


i.e. (2C_ 


and O<ram 
O<p<r 


O<q<m-r 


It follows from eqns. (19) and (20) that a phase change can be 
introduced in all the intermodulation products of angular fre 
quency w, since ¢ appears in the output multiplied by the tern! 
(m — r — 2q). This term is never zero for any finite value of 7 
which satisfies eqn. (20). By substitution, the following are) 


found to be the only possible values of # for the given order of m 


m=1. No solution. 

in — ne 

i Th 50 

m=4, n—453.3/2 

a i= De 3eeee 

m= 6. n=16, 4) 25 3/2n4)5. 
= 7. 1 We one O 


It follows that, if the non-linearity contains only terms of order 
my and less, the highest value of n is n= mp. With such a 
non-linearity inserted in a feedback loop, the highest order of 
sub-harmonic oscillation possible has a frequency 1/779 of the 
input frequency. 


[The discussion on the above paper will be found on page 594.] 
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SUMMARY 


The paper is concerned with the response to step-function and 

random inputs of a closed-loop system having a specific class of non- 
inearity called “hard-spring.” 
_ In order that an analysis be carried out for step-function inputs the 
system is restricted to that with a second-order characteristic equation. 
Iwo amplitude characteristics are considered, the first being a con- 
finuous curve, and the second being composed of segments of three 
straight lines. An experimental system is described, and the results 
are compared with analysis. Stabilization is achieved by velocity feed- 
back, but derivative of error stabilization is also considered. A discus- 
sion of the effect of the non-linear characteristics on the overall stability 
of the system is included. 

The response of the system with the straight-line characteristics is 
obtained for random inputs and in the presence of noise. Detailed 
results and a discussion of their implications and value compared with 
transient and frequency-response testing are given. Theoretical veri- 
fication is not included. 


LIST OF SYMBOLS 


» = Instantaneous input signal to the non-linearity. 
A = Amplitude of the input signal to the non-linearity. 
_N(v) = Non-linear characteristic. 
w = Instantaneous output from the non-linearity. 
0; = Instantaneous input signal to the servomechanism. 
6, = Instantaneous output signal from the servomechanism. 
e; = Normalized instantaneous input signal to the servo- 


mechanism. 
e, = Normalized instantaneous output signal from the 
servomechanism. 
T = 1/w,, = Time constant of the identical integrators. 
T, = Damping time-constant using velocity-feedback 
stabilization. 
: T,, = Damping time-constant using phase-advance 
stabilization. 


Tic = Time-constant for critical damping, using phase- 
advance stabilization. 
G,; = D.C. gain of velocity-feedback loop. 
G = D.C. gain of the error-detecting unit. 
a, 8 = Constants of the cubic non-linearity. 
Vg = \/(@/B) = An arbitrary constant. 
= v/v; = A non-dimensional variable. 
Y = é,/w,, 
PG Coane ej. 
S = Slope of a trajectory at any point on the phase plane. 
V,. = Control signal level. 
k, m, oa = Constants of segmented-line characteristics. 
Se = Alv,. 
\ E; = (peak amplitude of input signal 6.)/v,. 
_D, = equivalent damping of the non-linear system stabilized 
by velocity feedback. 
D,, = Critical damping for the linear system. 
S; = Normalized sinusoidal signal in the presence of noise. 
N;,, = Normalized random signal in the presence of noise. 
Nn = Normalized noise signal. 
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(1) INTRODUCTION 


In many non-linear feedback systems, the nature of the 
non-linear characteristic determines some distinctive feature in 
the system behaviour. This is usually of an undesirable nature, 
but occasionally a particular type of non-linearity yields one 
feature which may find a field of application. Such an interesting 
characteristic is the “hard spring’’;® recent work! has shown 
that the introduction of a hard-spring non-linearity actually 
decreases the response time, apparently without affecting stability. 
In addition, it is found that the step response time continues 
to decrease with increasing step amplitude. It is also worth 
noting that it is thought! that the tensioning of muscle in animals 
(and man) follows a cubic relationship with the stimulating signal. 

In linear analysis it is well known that the stabilization of a 
remote-position-control (r.p.c.) system by velocity feedback 
leads to a velocity lag, so that a persistent positional error exists 
when motion occurs. In many systems this is no disadvantage, 
but often derivative-of-error stabilization must be used to 
eliminate this velocity lag, and sometimes for other reasons. 

These considerations still hold for similar r.p.c. systems 
having a hard-spring characteristic. For this reason work has 
been done on systems with both types of stabilization. 

The non-linear control systems under consideration form a 
large class!.2,3,4,5 whose characteristic equation can usefully 
and conveniently be altered to a second-order linear differential 
equation with constant coefficients when operating in the linear 
regime. 

The response of non-linear servomechanisms is amplitude 
dependent and hence the input amplitude must be regarded as a 
parameter of the system. In investigating the performance of 
these systems the following parameters are necessary to specify 
the operating conditions: 

(a) Input amplitude.—This is made non-dimensional by using the 
ratio of the input amplitude to some convenient constant amplitude 
in the non-linear characteristic. 

(b) Degree of non-linearity.—This refers to the constants which 
define the non-linear characteristic. 

(c) Degree of damping —To be independent of (a) and (6) this 
refers to the equivalent linear system obtained when the non-linear 
element is removed and replaced by an equivalent linear element. 


(2) A SERVOMECHANISM WITH A HARD-SPRING 
CHARACTERISTIC 
The system to be considered, which is shown in Fig. 1, is 
an idealized second-order r.p.c. system with negligible friction, 
stabilized by output-velocity feedback and possessing a smooth 
hard-spring characteristic. 


Fig. 1.—Block schematic of the system, 


[575 ] 


576 


If the relationship between the input to and output from the 
non-linearity is of the form 


WisanN(D)i dca ctiens uae ciaebemee pmteels (Li) 

then the equation of motion of the system is 
T§) = N[GO, — 8, —T,6)~% ..- . @ 
where Pia OR AB Tey) tn nse At) 


(2.1) The Cubic Characteristic 
The non-linear characteristic is taken to be of the form 


WS QUCEBOe Naren t . caLieh. BAA) 


where « and f are constants. The first parameter is dimension- 
less, whereas the second has the dimensions of v~*. In a 
servomechanism the input signal is a measure of physical 
entity, and the slope of the characteristic is therefore determined 
with reference to a particular system using a particular physical 
quantity. It is preferable to stipulate a required characteristic 
without such reference. 

This can be done by defining a non-dimensional variable ys in 
terms of a particular value of the input quantity. Thus, let 


v= yu, . . . . . ° . (5) 


where v, is an arbitrarily chosen constant having the dimensions 
of v. 
Egn. (4) may be written in the form 


w= 04a + Eotyh Dering fae C5) 


Since v, is an arbitrary constant, any value which simplifies the 
above equation may be taken. 


Let Oy = Ae By ae ET) 
Hence eqn. (6) becomes 
wit; ios eal )iiness se Ce et Ae (8) 


(2.2) Degree of Damping 


This refers to the equivalent linear system obtained when the 
cubic non-linearity is removed and is replaced by a linear 
amplifier of gain «; i.e. 8B = 0 in eqn. (4). 


(2.3) Extension of Lienhard’s Construction 


For convenience it is generally arranged that the steady-state 
position determined by the final position of the input shall be at 
‘the origin. To obtain this, the system is assumed at rest at a 
point —£;, until an input step of magnitude £; is applied. For 
many second-order systems this response is the same as that 
obtained when the input is held at zero level and the output is 
released with an initial error. The resulting characteristic 
equation may be of the form 


6s 66) 240) SO Oe Me eee) 


where g and f may or may not be linear functions of velocity 
and position. The simplest general method of determining the 
trajectories of eqn. (9) is one first described by Lienhard.® 

Of particular interest to servomechanism theory is the charac- 
teristic equation of the form 


6, + h(6,, 6.) =0 (10) 


where the function h is not separable into the two functions g 
and f of eqn. (9). 

An extension of Lienhard’s method’ can be used to determine 
the trajectories of eqn. (10). Ifa control signal “y 


6. a (6, Bie T,9,) 
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is fed into an amplifier whose amplitude characteristic is not i 
linear, the output can be of the form 


and need only be known graphically as a result of direct experi 
mental tests on the amplifier. Eqn. (10) can be written in th 
form 


dd,  _—“h(O, + Ty.) 
db, 6 


oO 


(11) 


A trajectory is constructed by starting at the required point) 
usually on the horizontal axis, and finding the gradient at thi) 
point. This is drawn as a short line. A second point is choser’ 
at the tip of this short line and a second gradient is obtained! 
Thus the entire path is constructed of, small segments. Th 
method of obtaining the gradient at a specific point is as follows 


(a) The axes of the phase-plane must be graduated in similar : 
scales. 

(b) Let the co-ordinates of the point P, Fig. 2, for which the 
gradient is required be @,, and @,;. The output velocity 6; is 


2.—Graphical extension of Lienhard’s construction. 


Fig. 


multiplied by T,, which can be done graphically, and is added 
algebraically to 0,,. A vertical line NQ is drawn through P 
where 

NQ = 951 + Ty9o1 


(c) A graph of the non-linear characteristic of the amplifier 
in the form 


6, = —h@,) ‘ 


is drawn on the same figure. 
(d) A horizontal line is drawn through Q intersecting the 
axis at R and the function 


6, = —h(6,) at L 


Then LR represents the function —h(@, + T, 65) at 0, = Om 
6, = = 6,;. 

(e) * point N’ is marked off on PM such that PN = PN’ = ee 
A normal N’T and of magnitude LR is erected on PM at N’, 
the direction of the normal being such that it points in the 
direction of the positive 0, axis if —h(0,; + T, Ga) is positive, 
and in the direction of the ‘negative 6, axis if —h(0,, + 78,1) is. 
negative. The required gradient at P is given by an extensiggg 
of the line PT (note direction). 

(f) This construction is repeated for a neighbouring point Py. 


x 
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(2.4) The Phase-Plane Portrayal of the Step-Response 
Without the direct solution of eqn. (11) it is possible to 
ybtain a qualitative idea of the step-function reponse of a 
imulator possessing a cubic non-linearity of the form given by 
qn. (10) using the above extension of Leinhard’s construction. 
As developed in Appendix 11.1 the normalized equation of 
notion of the simulator of Fig. 1 possessing a cubic non-linear 
haracteristic is 
AY (GX + Tim, ¥) + (GX + Ta, Y)3] 


Pax Y Of 


he slope S of a trajectory at any point on the phase-plane being 
qual to dY/dX. 

There are four cases of particular interest. 
a) S = oo: The trajectory is vertical and the locus is Y = 0. 
b) S =0: There is only one real solution of eqn. (12). 

The locus that passes through points of zero slope on the 
rajectories is a straight line through the origin whose equation is 


peg TEN PO rs 
fi a W, 
(c) Variation of the trajectory slope on the Y axis. For this 
ase eqn. (12) reduces to 
S = —aT,w,[1 + (T,,Y)?]. (14) 
the slope increases rapidly as Y is increased. 
(d) S = — 2G/T,w,, for the equivalent linear simulator. For 


nis condition the linear simulator is critically damped and the 
quation of the straight-line trajectory in the phase-plane is 
etermined from eqn. (43) and (44) to be 


2G 


a Typ, 


Ke Se weds hie sei 5) 


‘or this damping there is a limiting boundary for the non-linear 
imulator, which cannot be crossed by any trajectory. This 
oundary passes through the origin. The system is approxi- 
aately linear for small values of X and Y. and therefore near the 
rigin the slope of the limiting boundary will be equal to that 
f the straight-line trajectory of the linear system. Starting at 
1¢ origin, the required trajectory can be drawn by the con- 
truction described in Section 2.3. The limiting boundary and 
wo non-linear trajectories are shown in Fig. 3. In addition, 
wo trajectories of the equivalent linear simulator are shown in 
roken line. Two non-linear trajectories and the two corre- 
ponding linear trajectories are shown in Fig. 4 for small damping. 


).5) Pattern of the Response as Displayed on the Phase-Plane 


If the linear simulator is critically damped there is no over- 
noot for either system. The rise time of the non-linear simu- 
itor is smaller, and this is indicated by the output velocity of the 
on-linear system being greater than that of the linear system 
1roughout the entire response. The ratio of the maximum 
elocity attained by the non-linear simulator to that attained by 
1e linear simulator for the same step input increases with an 
1crease of the input amplitude. Consequently, the ratio of the 
orresponding rise times decreases. 

The same discussion regarding the rise time applies to the 
nderdamped condition. Typical linear and non-linear tra- 
tories are shown in Fig. 4. The velocity of the non-linear 
ystem is considerably greater than that of the linear system 
roughout most of the response, becoming smaller only near the 
rst overshoot. The acceleration and deceleration of the non- 
near system are greater than those of the linear system. 
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N LIMITING BOUNDARY 
‘ FOR_THE NON— 
Be LINEAR SYSTEM 
‘N 
‘S 
LIMITING BOUNDARY FOR THE Sy 
EQUIVALENT LINEAR SYSTEM s 


Fig. 3.—Step-function response in the phase plane for a critically 
damped system with a cubic non-linearity. 


(a), (6) Non-linear responses. 
(c), (d) Corresponding linear responses. 


Fig. 4.—Step-function response in the phase plane for a lightly damped 
system with a cubic non-linearity. 


(a) Non-linear response. 
(b) Corresponding linear response. 


For underdamped systems the ratio of the first overshoot of 
the non-linear system to that of the linear system for the same 
step input can be taken as a measure of the improvement in the 
transient response. 


(3) A SECOND-ORDER SIMULATOR POSSESSING A 
SEGMENTED-LINE CHARACTERISTIC 
Physically straight-line segmented characteristics can be 
achieved more accurately and more easily than smooth charac- 
teristics of the form given in eqn. (4) and are therefore more 
adaptable to practical systems. It is in this respect that an 
analysis has been carried out for a segmented-line characteristic, 


(3.1) The Straight-Line Segmented Characteristic 


The experimental investigation has been limited to that 
particular characteristic! shown in Fig. 5. It consists of three 
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The normalized equations of motion (see Appendix 11.2) f¢ 


the three conditions are 
+ w,T yk Y¥ + kGX =0 for condition 1 
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—The segmented-line non-linear characteristic 


Fig. 5. 
Ve. = 1°5 volts. 
k =0-94, 


straight lines, and non-linear operation occurs sharply at the 


control signal level + V, 
(3.2) The Non-Linear Element 
The non-linear element! consists of two amplifiers in parallel 
One 


with a common input and their outputs added together 

amplifier has a small constant gain k over the whole operating 

range. The other has a constant gain M, that can be varied 

by a diode arrangement the amplifier is made operable only when 

the input magnitude is greater than +V,. Hence 
m=k+m, 


(3.3) Degree of Damping 
This refers to the equivalent linear system obtained when the 
non-linearity is replaced by a linear amplifier of gain k. 


(3.4) The Analogue Computer 
The computer used in this work simulated an elementary 

second-order r.p.c. system with the inclusion of the segmented- 

line characteristic and stabilized by output-velocity feedback. 


The design of this simulator is conventional®.? and little detail 
A block schematic is shown in Fig. 1, where 


will be given here. 
all the elements incorporate negative-feedback amplifiers of the 
The integrators are of the Miller type. 


anode-follower type. 


(4) ANALYSIS OF. THE STRAIGHT-LINE SEGMENTED 
SYSTEM 


There are three conditions under which a simulator possessing 


the non-linear characteristic of Fig. 5 operates 


Condition 1 LAs 
Condition 2 Ve Ve 
Condition 3 Ve ae 

i “aE 


where V, is the peak value of the control signal 
GO, — 9.) — T,6, 


+ w,T,k(m[k) Y + mGX = — 6 for condition 2 . 


+ w,,Tik(mlk) Y + mGX = 6 for condition 3 


(4.1) The Phase-Plane for the Straight-Line Segmented 


Owing to the sharp change from linear to non-linear operatio: 
it is possible to draw boundaries on the phase-plane correspond 
ing to the limits of each mode of operation. As a result, th 
phase-plane can be divided into three regions, each havin 
characteristic trajectories. 

The boundaries between linear and non-linear modes oa 


operation are given by 


{ 
1 
° 5 E 
and are shown in Fig. 6. 
e 
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Fig. 6.—Loci of constant slope and the boundaries dividing the phase: 
plane into regions of linear and non-linear operation. 


It is possible to obtain a qualitative idea of the trajectories 
in the three regimes without solving the normalized equations 
of motion. The types of trajectories obtained in the linear region 


are well known!®, 11 and will be dealt with very briefly. 
The locus of all points in the linear regime having a given 

kGX 
(20) 


slope S is 
Sei ere 


Y = 
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Phere are four cases of particular interest: 


(a) S= oo. The trajectory is vertical and the locus is 
Y=0. 
(6) S=0. The trajectory is horizontal and the locus is 
GX 
Y=— ined ae (21) 
(c) S = —w,T,k. The locus is X = 0. 
(d) A straight-line trajectory for critical damping. The 
locus is found from eqn. (16) to be 


_ @, Tak 
2 


Y= Neer, ees (22) 


For the condition V, > V, the locus of all points having a 
siven Slope S is 
ny mGX +6 
S + (w,T,k)\(m|k) 


und this equation defines a family of straight lines passing 
hrough the point 


Y= (23) 


) 
Beet eee = 
mG? Y=0 
For the condition V, < — V, the locus is 
” Se AAA) 


S + (@,Tygk\(ml[k) - 
ind this equation defines a family of straight lines passing 
hrough the point 
‘ rs) 


i mG 


Y=0 


For the non-linear mode of operation there are four cases of 
particular interest. 


(@) S=oo. 
[he trajectory is vertical and the locus is Y = 0. 
(b) S =0. 
For condition 2 the locus is found from eqn. (23) to be 
1 
Y= — 7 [6x + 0 — kim] (25) 
and for condition 3 the locus is found from eqn. (24) to be 
1 
(Gk (i — 26 
Y Toa, [Gx — (i —k]m)] (26) 


The two conditions expressed by eqns. (25) and (26) do not 
hold since the loci of zero slopes fall completely within the 
region of linear operation. Therefore there is only one real 
solution for S = 0 expressed by eqn. (21). 


(ce) The variation of the slope along the Y-axis. 
The variation of the slope S along the positive Y-axis can be 
found by putting X = 0 in eqn. (18). 


Bence sS= bs w,Fk(m|[k) (27) 


The slope therefore varies from a value of 
% 5. — 1k 


at the point of intersection of the positive Y-axis and the boundary 


il 
Lee: Typ, 


(GX — 1) 


579 
to a value 


at Y=+ om. 
Similarly it can be shown that along the negative Y-axis the 
slope varies from a value of 


S = —w,T,k(m|k) 


S = — w,T,k 


at the point of intersection of the negative Y-axis and the 
boundary 


1 
Veen (Gy 
T (GX 1) 


to a value of S = — w,T,k(m[k) 


at Y= — . 


(d) The straight-line trajectories. 
If the simulator is critically damped in the linear region it is 
overdamped in the non-linear region. There are then (see 
Appendix 11.3) two straight-line trajectories terminating on the 
boundary 


: (GX — 1) 
W, 


Y= — 
Ty 


and another two straight-line trajectories of the same slope as 
the first two, terminating on the boundary 


1 
Ty Dy, 


—— (GX +1) 


If the trajectories were extended into the linear regime the first 
two would pass through the point 
) 
XG nen r= () 
mG 


and the latter two through the point 


Two of the trajectories have the slope 


5, =v eTak(onlk) — vf lo, Tako) — 4G} (28) 


and the other two have the slope 


ghia w,Tak(m|k) + Jf et nlDE = 4mG} _ (29) 


It is shown in Appendix 11.4 that the line which is the locus 
of all points having a given slope S’ in the linear regime intersects 
a boundary at the same point as the line which is the locus of 
all points having the same slope S’ in the non-linear regime. 
The typical loci are shown in Fig. 6. 


(4.2) The Step-Function Response in the Phase-Plane 


The response for the following three values of damping is of 
particular interest: 
(a) D, < D..a/({k/m). 
(6) D, = D,./(k/m) = (critical damping in the non-linear 
region). ; 
(c) D, = D.,. = (critical damping in the linear region). 


(4.2.1) The Step-Function Response for De < Dec/+/(k/m). 


For this damping the response of the system is underdamped 
in both modes of operation. The response can be studied with 
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the aid of Fig. 6. ABO and CDO are typical non-linear loci of 
constant slope, and A’BO and C’DO are the loci of the equi- 
valent linear simulator. The effect of the non-linearity is to 
produce greater acceleration and deceleration than would be 
obtained with the equivalent linear simulator. 

The result of this is shown in Fig. 7. A typical non-linear 
trajectory and the corresponding linear trajectory are shown in 
this Figure. 


Fig. 7.—Step-function response in the phase plane of a system with a 
segmented-line characteristic. 


m= 5-0. 
De = 0°1Dec. 


(a) Non-linear response. 
(6) Corresponding linear response. 


The overshoots of the non-linear simulator are much smaller 
than the corresponding overshoot of the linear simulator. The 
maximum velocity attained by the non-linear simulator, is much 
greater than that attained by the equivalent linear simulator, and 
the rise time of the non-linear simulator is much less than that 
of the linear simulator. 

Fig. 8 shows the improvement in the first overshoot with 
increasing amplitude of the step input, and also with increasing 
non-linearity. 

The ratio 


First overshoot of the non-linear simulator 


First overshoot of the equivalent linear simulator for the same 
step input 


tends to a limit value which is given by the ratio 


First overshoot of the equivalent linear system of gain M 
First overshoot of the equivalent linear system of gain k 


There is a similar improvement in the rise time. 
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AMPLITUDE OF STEP INPUT 


FIRST OVERSHOOT FOR A SYSTEM 
WITH THE SEGMENTED-LINE CHARACTERISTIC 


Fig. 8.—Improvement in the transient response of a system with ; 
segmented-line characteristic. 


(a) m= 5:0. 
(6) m = 15-0. 


(4.2.2) The Step-Function Response for De = Decs/(k/m). 

For this damping the response in the non-linear regime is 
critically damped. There are then two straight-line trajectories 
of slope 

eae w,Tjk(m|k) 
2 
and they are shown in Fig. 9. 

The motion for a step input of X = — oo takes place along 
the straight-line trajectory AB. At B this trajectory intersects 
the boundary separating linear and non-linear modes of opera- 


NON-LINEAR REGIME 
CONDITION (3) 


NON-LINEAR REGIME 
CONDITION (2) 


Fig. 9.—Limiting boundaries on the phase plane for a value of 
damping that is critical in the non-linear regime. 
3 
y= mG: 0. ; 
P; =o 
2 Gia 


jtion. The subsequent motion in the linear region takes place 
along the trajectory BCO. 

| There is a certain minimum value of input — X. for which the 
/motion after it has left B takes place along the trajectory BCO. 
|The motion in this region, and consequently the magnitude of the 
‘first overshoot, is independent of the input for all inputs greater 
than —X,. The input —X, may be determined by the extension 
described in Section 2.3. 

| The motion for a step input of X = + o takes place along 
the straight-line trajectory DE. 

__A typical non-linear trajectory and the corresponding linear 
trajectory are shown in Fig. 10. 

| For this value of damping there is a very marked improvement 
. 


‘in the transient response. 


1 


Fig. 10.—Step-function response in the phase plane of a system with a 
segmented-line characteristic. 


m= 5-0. 
Dg is critical in the non-linear regime. 


(a) Non-linear response. 
(6) Corresponding linear response. 


(4.2.3) The Step-Function for De = Dec. 


For this damping the response of the simulator is critically 
damped in the linear regime. There is one straight-line trajectory 
in the linear region of slope 


w,T 4k 


S=-=5 


and four straight-line trajectories in the non-linear regime; two 
of the trajectories have the slope S; of eqn. (28), and the remain- 
ing two trajectories have the slope S, of eqn. (29). 

If the input is released from rest at X = — oo the resulting 
motion is shown in the phase plane of Fig. 11 and occurs along 
the straight-line trajectory AB whose slope is S,. At B the 
straight-line trajectory enters the linear regime and the subsequent 
motion approaches the straight-line trajectory CO of the linear 
regime. The limiting boundary consists, therefore, of the 
straight line AB and the curve BO. 

For this value of damping, there is also a trajectory which 
passes through point B but which remains within the linear 
regime at B. This trajectory —X,,BO can also be determined 
by the extension described in Section 2.3. For all values of X 
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NON-LINEAR REGIME 
CONDITION. (3) 


NON-LINEAR REGIME 
CONDITION (2) 


Fig. 11.—Limiting boundaries on the phase plane for a value of 
damping that is critical in the linear regime. 


8 
Py = =~, 0. 


numerically less than — X,, the response from point B to the 
origin occurs along curved portion BO of the limiting boundary. 

A typical non-linear response is shown in Fig. 12. For this 
degree of damping there are no avershoots and the improvement 
in the transient response is small. 


Fig. 12.—Step-function response in the phase plane of a system with a 
non-linear segmented-line characteristic. 
m= 5:0. 
Deis critical in the linear regime. 


(a) Non-linear response. 
(b) Corresponding linear response, 
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(c) (f/) | 
| 
] 
Fig. 13.—Experimental transient responses and phase-plane trajectories. | 
m= 5:0, 
De = 0:1Deo 


(a) Non-linear response, E; = 4:3. 


: I (d) Corresponding linear response, E; = 10-4. 
(6) Corresponding linear response, FE; = 4:3. = 


: e = 0° 1Dec. 
(e) Non-linear trajectory. 
(f) Corresponding linear trajectory. 


(c) Non-linear response, ee 10-4. 


p) EXPERIMENTAL RESULTS USING THE SEGMENTED- 
LINE CHARACTERISTIC 

The experimental system was of the form shown in Fig. 1, 
and the non-linear characteristic was of the form shown in 
Fig. 5. V, was made equal to 1-5 volts, k equal to 0:94 and m 
equal to 5:0. The amplitude of the step input was varied over 
an appropriate range. The following three values of damping 
were used: 


0-1 D,.. 
D./(k|m). 


1 
: ec* 


The experimental results are shown in Figs. 13, 14, and 15. 

The behaviour of the non-linear system for a value of damping 
equal to 0-1D,, and for various values of input amplitude is 
shown in Fig. 13. The corresponding linear behaviour is also 
shown in this Figure. The response of the non-linear system to a 
small input is shown in Fig. 13(@)...Comparing this with. the 
corresponding linear response shown in Fig. 13(d) it is seen that 
there is small improvement. 

The non-linear time response to a much larger input is shown 
in Fig. 13(c), and the corresponding linear response in Fig. 13(d). 
There is a marked improvement in the non-linear response. 
This experimental behaviour agrees favourably with the behaviour 
predicted from graphical analysis. 

The non-linear response in the phase plane is shown in 
Fig. 13(e), and the corresponding linear response in Fig. 13(f). 
The non-linear response shows pronounced flattening at maxi- 
mum and minimum velocity. This is due to the linear regime. 
The non-linear response also shows a marked increase in output 
velocity and a considerable reduction in the first overshoot. 

__ The behaviour of the non-linear system for a value of damping 
D, = D,A/(k|m) is shown in Fig. 14. The response of the non- 
linear system to a small input is shown in Fig. 14(a), and the 
response to a large input is shown in Fig. 14(c). The corre- 
sponding linear responses are shown in Figs. 14(b) and 14(d) 
respectively. Figs. 14(@) and 14(c) show..that.the overshoot is 
independent of the input amplitude. 

' The response in the phase plane of the non-linear system is 
shown in Fig. 14(e) for two values of input amplitude. The 
response near the origin is independent of the input amplitude, 
and this agrees favourably with the curves of Fig. 10. The 
corresponding linear response is shown in Fig. 14(f/). 

The reduction in the first overshoot of the non-linear response 
is considerable when the input signal is large. There is also 
an improvement in the rise time. 

The non-linear response for a value of damping D,, is 
shown in Fig. 15(a), and the corresponding linear response in 
Fig. 15(6). There is almost no difference in the responses. The 
response in the phase plane of the non-linear system is shown 
in Fig. 15(c), and the corresponding linear response in Fig. 15(d). 
These responses agree favourably with the curves shown in 
Fig. 12. 

In Fig. 15(c) the non-linear response to the small input corre- 
sponds approximately to the trajectory obtained when the input 
is —X,, (see Section 4.2.3). 


(6) DERIVATIVE-OF-ERROR STABILIZATION 


If a step-function of amplitude / is applied to a phase-advance 
element whose characteristic equation is 


1+ pTy 


the output consists of a step of amplitude A and a spike of 
infinite amplitude and zero time duration. Consequently the 
response in the phase plane of a system stabilized by phase 
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advance is different from the corresponding response of a system 
stabilized by velocity feedback. 
(6.1) Basic Analysis 
The closed-loop equation of an idealized linear second-order 
system stabilized by phase advance is 
kG + pT ne; 


Tt pEGT AL kG« (30) 


where T,,, is the damping time-constant. 
The effect of the spike upon the step-function response may 
be seen by differentiating eqn. (30) with respect to time. 


PKG + pT ye; 
pT? + pkGT, ++ kG i 
Let a step-function e, = —h be applied at the time t = 0. 


The limit of é) at t = €, where &, is positive and approaching 
Zero, is given by 


Hence é9 = 


(31) 


ea ae PkG(L + pT yh 
pT? + pkGT,, + kG 


po 


This equals (32) 


The immediate effect of this inherent characteristic in a phase- 
advance element is to produce an instantaneous jump in the 
output velocity. The analysis of the subsequent motion in the 
phase plane is similar to that described in Section 4.1. The 
effect of this instantaneous jump upon the subsequent motion 
may be deduced by noting that as a result of it, the output 
velocity is greater for the same input than that of a system 
stabilized by output-velocity feedback. Consequently the rise 
time of the former is less than that of the latter, the overshoot 
of the former being greater than that of the latter. 


(6.2) Experimental Results 


Fig. 16(a) is the transient response of the non-linear simulator 
stabilized by phase advance, and Fig. 16(6) is the corresponding 
response of the linear system which is also stabilized by phase 
advance. Fig. 16(c) is the corresponding non-linear response of 
the system stabilized by velocity feedback; Figs. 17(a), 17(d), 
17(c) and 17(d) are the corresponding phase-plane responses. 

By comparing Fig. 16(a) with Fig. 16(c) it is seen that for the 
same damping, non-linearity and input amplitude the rise time 
of the system stabilized by phase advance is less than that of the 
system stabilized by velocity feedback; the first overshoot of the 
former is greater than the overshoot of the latter. 

By comparing Fig. 17(a) with Fig. 17(c) it is seen that the 
output velocity of the system stabilized by phase advance is 
greater than that of the system stabilized by velocity feedback. 

As shown in Figs. 17(a) and 17(d) there is a very rapid but not 
instantaneous increase in the velocity of a system stabilized by 
phase advance. This is because (a) there is always present an 
unwanted time-constant in the phase-advance unit and as a 
result the spike is of finite duration; and (6) saturation occurs 
when the amplitude of the spike is large. 

It is exceedingly tedious to carry out an exact analysis of the 
transient response of a system stabilized by phase advance 
because of these two physical limitations. 


(7) STABILITY CONSIDERATIONS 
The open-loop equation of the non-linear system using 
derivative-of-error stabilization can be written in the form 


eee yy 
Pre = | Gee ea( ae a) 
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(d) 


(6) 


(c) (f) 
Fig. 14.—Experimental transient responses and phase-plane trajectories. 
m = 5-0. 
De is critical in the non-linear regime. 
(a) Non-linear response, E; = 4°5. (d) Corresponding linear reponse, E, = 10-4. 
(b) Corresponding linear response, E; = 4:5. (e) Non-linear trajectories. 
(c) Non-linear response, E; = 10-4. (f) Corresponding linear trajectory. 


(6) 
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(d) 


Fig. 15.—Experimental transient responses and phase-plane trajectories. 


m= 5-0. 


De is critical in the linear regime. 


(a) Non-linear response, E; = 10:4. 
(6) Corresponding linear response, E; = 10:4. 


where €7,, is the unwanted time-constant of the phase-advance 
unit. 

When the input is sinusoidal useful information for fre- 
quency/response analysis and stability determination of non- 
linear systems can be obtained by resolving the output of the 
non-linear element into Fourier components. This is the 
“describing-function technique.’ In most control systems only 
the fundamental component is of interest, the higher-order com- 
ponents being attenuated by the servo-motor. 


(7.1) The Stability of a System possessing the Cubic Non-Linear 
Characteristic 
If a sinusoidal input signal of frequency w/27 is applied to 
the system and it is assumed that the harmonics in the output 
are negligible—owing to the attenuation by the integrators—then 
he error signal is also sinusoidal and is of the same frequency. 
If the input signal to the cubic non-linearity is 


v=Asinwt. (33) 
Ales 
hen from eqn. (5) b= 7 Sint 
d 
= Ay sin wt (34) 


The output is then 
wlvy = «(Ay sin wt + A} sin? wt) 


(c) Non-linear trajectories. 
(d) Corresponding linear trajectory. 


3 
and —— = | 4. sin wt + MG sin wt — sin 20 | a5) 


The fundamental component is 


lyjw 


Bey (ee a | 3 42) gj t 
Beyrs Ay oaee v re 


Considering the ratio, output/input, as a transfer function, 
the characteristic forms a describing function for fundamental 
output for sinusoidal input given by 


D(Ay) = 1 + 443 


(36) 


(37) 
For convenience « is not included in the describing function 
but is included with the gain of the rest of the loop. 


Using the fundamental transfer function the open-loop 
equation of the non-linear system becomes 


i: 
pe, = pi PA + pTy)e 


e 1 aG 


FTP gill toTDAy - (38) 
where it is assumed that €&T7,, =0 
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(6) 


(c) 


Fig. 16.—Experimental transient responses and using 
derivative-of-error stabilization. 
m = 5:0. 
De = 0:20Dec. 
(a) Non-linear response, E; = 4:3. a 
(b) Corresponding linear response, E; = 4:3. 


(c) Corresponding non-linear response using velocity feedback 
stabilization, E; = 4:3. 
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¥ 
and p=jw , 
Eqn. (38) may be written in'the form ( 
| 
“2 = D(A) 
The closed-loop response is given by 
2, __ D(A) ®@) 
e; 1+ D(Ay)®@) 
= oe | Aes 
DiA,) + O(w) 


The critical point for stability, the (—1, 0) point in the linea 
system, is now a series of points lying on the locus — 1/D(Ay 
as Ay is varied. If the frequency locus M(w) encloses an: 
portion of the amplitude locus — 1/D(Ay) for 0 < Ay < «© 
the closed-loop system will be unstable. 

These two curves are shown in Fig. 18, and it is seen that for : 
second-order system no instability can occur for any aa 
of input signal. 

In actual systems the required form of the transfer funetion 
el + PT,,) of the phase-advance unit is not realizable and ther: 
is an unwanted time-constant €T7,;. 

In many servo-systems the signals are discontinuous and : 
smoothing circuit must be used, the simplest form having < 
transfer function 

1 


1 + pTs 


If these additional time-constants are included, the locus o: 
@(w) may cut the real axis near the origin and the describin; 
function at a point P is as shown in Fig. 18. P correspond: 
to an unstable limit cycle of such a form that a displace. 
ment to the left produces a stable system and a displacemen) 
to the right produces an unstable system with ever-increasing 
amplitude of oscillation. However, saturation will produce ¢ 
stable limit cycle. 

In practice, saturation of the cubic non-linearity will occur ai 
some amplitude. The corresponding describing function is 
shown in Fig. 18. 

In this case the stability conditions are as shown by curves (6), 
(c) and (d) of Fig. 18. The amplitude locus is curve (6). The 
frequency locus for a small gain factor is represented by curve (d) 
whilst the frequency locus for a larger gain factor is represented 
by curve (c). The frequency locus represented by curve (d) will 
give rise to a stable closed loop system irrespective of amplitude, 
whilst the locus represented by curve (c) will give rise to two limit 
cycles, one divergent and one convergent. 


(7.2) The Stability of the System Possessing the Segmented-Line 
Characteristic 


The describing function for the segmented-line characteristic 
which is derived in Reference 1 (Appendix), is given by the 


expression 
ANG-*) WL -G) |} 


where ¢ = arc sin (v,/B) is the angle at which the non-linearity 
first occurs and B is the amplitude of the input signal to the 
non-linearity. The critical point of stability is now a series of 
points lying on the locus of —1/D(B). This locus lies along the 
negative real axis between the points (—1, 0) and (— k/m, 0) 
and is shown in Fig. 18; the critical point for a linear system 
with an amplifier of gain k being (—1, 0). 


D(B) = 
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(a) 


(c) 


(6) (d) 
Fig. 17.—Experimental phase-plane. 
m=5:0. 
De = 0:20Dec. 


(a) Non-linear trajectory using derivative-of-error stabilization. 
(6) Corresponding linear trajectory. 


Curve (c) in Fig. 19 represents the frequency locus of a second- 
rder system. No instability can occur for any amplitude of the 
wut signal. Curves (b) and (a) represent typical frequency loci 
f a fourth-order system for two different values of gain factor. 
‘he locus for small gain represented by curve (b) will give rise 
) a stable closed-loop system irrespective of amplitude; the 
ycus for a larger gain factor represented by curve (a) will give 
ise to an unstable closed-loop system. 


3) THE TRANSIENT BEHAVIOUR OF A LINEAR SYSTEM 
WITH AN AMPLIFIER OF GAIN M 

The transient response of the system with the segmented-line 
haracteristic for critical damping in the non-linear regime is 
nown in Fig. 20(a), and the response of the linear system obtained 
hen the non-linear element is replaced by a linear amplifier of 
ain M is shown in Fig. 20(d). 

For this damping the difference is most evident, especially for 
mall amplitudes of input signal. For large inputs there is little 
ifference between the responses. 


(c) Non-linear trajectory using velocity feedback stabilization, 
(d) Corresponding linear trajectory. 


(8.1) Stability Considerations 


It is possible that a linear system of order higher than the 
second will be unstable at a gain M,. For example, the frequency 
locus of a fourth-order linear system is shown in Fig. 18 to pass 
through the critical point (— k/m,, 0); the critical point for a 
linear system with an amplifier of gain k being (— 1,0). If 
there is no saturation the amplitude locus of the corresponding 
segmented-line characteristic lies between the points (— 1, 0) 
and (— k/m,, 0). Because of saturation, the non-linear system 
will be stable at all amplitudes of the input signal; moreover, the 
non-linearity can be increased considerably before instability 
occurs. 


(8.2) Experimental Results 


The second-order linear system was changed to a fourth-order 
system by the addition of two extra time-constants €7,, and T,,. 
The first was introduced by increasing the unwanted time- 
constant of the phase-advance unit and the second was intro- 
duced by the addition of a smoothing circuit. 
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: 1 5 
. Wr, 
1 
Qa = = 
2 w2 
a = MGT, 


Using the following constants, 
T, = €Ty = volas 
w,T 4, = 2°4 
G =0-44 | 


| 
it is found from the Hurgitz—-Routh stability criterion that fo: 
stability 0< m< 6:4. It was found experimentally that the 
system became unstable at a value of m = 6:2. The equivalen’) 


Fig. 18.—Nyquist diagram for a system with a cubic characteristic. 


(a) Negative reciprocal of the describing function for a cubic characteristic. 
(b) Negative reciprocal of the describing function for a cubic characteristic when 
saturation is present. 
(c) Frequency locus ofa fourth-order system. 
Ay Frequency locus of a fourth-order system, with smaller gain factor than that 
of (c). 
(e) Frequency locus of a second-order system. 


+ ® IMAGINARY 


(a) 


Fig. 19.—Nyquist diagram for a system with a segmented-line. 


(a) Frequency locus of a fourth-order system. 
Ney Frequency locus of a fourth-order system, with a smaller gain factor than that 
of (a). 
(c) Frequency locus of a second-order system. 


The open-loop equation of this fourth-order linear system is 


sels 
272, = M di 
ee ere A (; carriaili +o) Je 


and the closed-loop transfer function is 


1) 


Fig. 20.—Experimental transient responses of a system using 
6th MG(1 + pT) derivative-of-error stabilization. 


= 40) 
4 1 302 py ( m= 5:0. j 
e Agp* + ap? + app* + asp + a, Deis critical in the non-linear regime. 
4 = 6°8. 
her = TET 1 “at (a) Non-linear response. 
where a = 2 (b) Response of the linear system with an amplifier of gain M = 5 replacing the 
Wr amplifier of gain k = 0:94. 
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‘non-linear system was stable for all amplitudes of the input 
signal. Furthermore, the non-linear system remained stable for 
ail amplitudes of input signal up to a value of m = 9:3. 


®) THE NECESSITY FOR EXPERIMENTAL TESTING WITH 
RANDOM INPUTS 

For the design of linear servo mechanisms there exist formal 
mathematical relationships!5»!®!7 between the response to one 
form of input and the response to any other input; the three 
commonest inputs considered are sinusoidal, transient and 
random. Although for a specific case these relationships may 
be difficult to evaluate, long usage of frequency-response and 
transient-response testing has given the engineer a qualitative 
idea of these relationships. In particular, it is known that the 
larger the bandwidth of a steady-state frequency-response 
characteristic, the shorter in time will be the transient response 
to step or impulse displacement, the resonant peak in the fre- 
quency characteristic giving some indication of damping of the 
transient. In addition, the frequency-response characteristic 
obtained by the use of a single sinusoid shows how the system 
will behave when the input is compounded of many frequency 
components. The bandwidth also implies that the system will 
tespond satisfactorily to any arbitrary input signal provided that 
the frequency spectrum of the input does not exceed the band- 
width of the system. 

Unfortunately, few mathematical relationships!® exist for the 
non-linear systems, and furthermore insufficient experimental 
work”® has been carried out on these systems to enable an 
engineer to predict qualitatively, knowing the response to only 
one input, the response to any other input. Since the behaviour 
of a particular non-linear system is not representative of all 
non-linear systems, the design, construction and testing of a 
System general enough to include all types of non-linearities is 
a formidable problem. However, limiting the experimental 
system to a particular class should reveal whether, for this 
particular class, a qualitative relationship exists between these 
three forms of testing, and furthermore whether this relationship 
agrees favourably with that which exists for the linear system. 

The system described in Section 3 lends itself to such testing, 
since it is representative of a particular class of non-linear 
Systems possessing one frequency-independent single-valued non- 
linearity and being integrator smoothed. Work on the steady- 
State frequency response of this system has shown that the band- 
width increases and the magnitude of the resonant peak decreases 
with increasing signal amplitude and/or increasing non-linearity. 
In the first part of the paper it has been shown that for step 
displacements the percentage overshoot and rise time decrease 
for similar conditions. The aim of the work is to obtain the 
response of the system to random signals, to determine whether 
a qualitative relationship exists for these three forms of testing 
and finally to determine whether this relationship, if it exists, 
compares favourably with that of the linear system. 


i 


(10) THE EFFECT OF A NON-LINEARITY ON 

} EXPERIMENTAL TECHNIQUES 

When the input 0; to the system is composed of signal S; and 
noise N,,, the response S, to S; in the absence of N;, is modified 
byj the presence of N;, and vice versa. Consequently the 
signal/noise ratio at the saiput has no significant meaning. The 
testing of the system is complicated, therefore, not only by the 
fact that the non-linearity is amplitude dependent but also by 
the cross-modulation which takes place. In this work the 
signal/noise ratio at the input is well defined since experimentally 
signal and noise are independent sources and are measured 
separately. The input to the system is defined by assuming the 
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signal and the signal/noise ratio to be independent parameters. 
Without further investigation it is not possible to relate the 
amplitude of the output spectrum about a frequency f to the 
amplitude of the input spectrum at the same frequency because 
of the cross-modulation. An inspection of the error spectrum 
and the output spectrum gives an indication of the amount of 
cross-modulation, and it will be seen experimentally that for this 
particular system the amount is negligible. 


(10.1) The Noise Spectra 


The noise output of a 931-A photo-multiplier,!? a simple 
arrangement of which is described in Appendix,'4 was used as a 
source of white noise, the spectrum remaining flat beyond the 
cut-off frequency of the system. Noise with four flat spectra of 
limited bandwidth was obtained by passing white noise through 
filters, the respective half-power points* occurring at 500, 1500, 
3000 and 5000c/s. Narrow-band noise was obtained by passing 
white noise through a selective amplifier with a pass band of 
150c/s centred at 1025c/s. Noise with a clipped spectrum was 
obtained by clipping white noise at +1-5 volts. 


(10.2) Spectrum Analysis 


The voltage spectrum of the noise was determined by passing 
the noise through a tunable selective amplifier with a constant 
pass band and followed by measuring and smoothing circuits. 
Selective filters with a pass band of 30c/s were used. This 
necessitated a waiting time of less than one minute to obtain an 
accurate reading, and the accuracy of the readings was about 5%. 
Filters with very narrow pass bands were found unsuitable owing 
to the long waiting time required to obtain an accurate reading. 


(11) EXPERIMENTAL RESULTS 


The contribution of the cross-modulation to the output is 
shown in Figs. 21 and 22. The relative magnitude of the first 
23 harmonics in the linear and non-linear response to a 50/50 


3 


Output 


I 
al: ge ee 


: 100 “500 1000 1500 2.000 


Frequency, c/s 


Fig. 21.—The response to a 100c/s square wave showing the relative 
amplitudes of the harmonics. 
e Input spectrum. 


x Linear response. 
O Non-linear response. 


square wave are compared in Fig. 21. The responses to a 
noise signal with the half-power point at 500c/s are shown in 
Fig. 22. In both Figures the linear and non-linear responses are 
very nearly the same, which indicates negligible cross-modulation. 


* The half-power point is defined as that point at which the noise voltage/unit- 
bandwidth is one-half its initial value. 
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Fig. 22.—The response to a random signal with a low-frequency power 
spectrum. 


Ta = 0:16Taic 


© Power spectrum of the input signal. 
x Power spectrum of the output signal, linear response. 
Vv Power spectrum of the output signal, non-linear response. 


M =7-7, Nis = 2:0 
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Frequency, ¢/s 


Fig. 23.—Error response to white noise showing the effect of varying 
the signal power. 
Ta: = 0°16Taic 
Linear response. 
M = 4-1, Nis = 0-56 
M = 4-1, Nis = 2-2 
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Frequency, c/s 
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Fig. 24.—Output response to white noise showing the effect of varying 
the non-linearity. 
Ta = 9-16Taic 


e Linear response. 
x M = 4-1, Nis = 1:75 
@) M = 7°7, Nis = 1:75 
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The response to white noise is shown in Figs. 23 and 24. The 
error spectrum is shown in Fig. 23 and the output spectrum i 
Fig. 24. The effect of increasing the non-linearity and/or the 


noise signal is to increase the bandwidth of the response and tc 
reduce the resonant peak. 


The response to a sinusoidal signal in the presence of white 
noise is shown in Figs. 25 and 26. Fig. 25 shows that the effect 
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Fig. 25.—Output response to a sinusoidal signal in the presence of| 
white noise. | 


Tay = 0:08T dic 
@ Linear response. 
A M = 4-1, S; = 1-0, Nin = 0-013 
x M = 4-1, S; = 1:0, Nin = 1-55 
O M = 4-1, S; = 1:0, Nin = 2°00 
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Fig. 26.—Output response to a sinusoidal signal in the presence of 
random disturbances. 
Ta = 0:08Taic, M = 4:1, S; = 0:87, Nin = 1:75 


(a) Linear response. 
(6) Non-linear response. 


A: White noise. 

x Noise with a clipped spectrum. 

ef Narrow-band noise centred at 1025 c/s. 

O Noise with the half-power point at 3000 c/s. 
A Noise with the half-power point at 1500 c/s. 


of increasing the noise while keeping the signal constant is to 
quench the jump phenomena in the frequency characteristic, to 
reduce the resonant peak and to increase the bandwidth. When 
the disturbance is small compared with the signal, the response 
is independent of the bandwidth of the disturbance. When the 


‘disturbance is comparable with the signal, limiting the bandwidth 


of the disturbance while keeping the power of the disturbance 
constant affects the sinusoidal response, increasing the attenuation: 
with a decrease in the bandwidth of the disturbance. This is 
shown in Fig. 26. 
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_ The effect of white noise on the discontinuous jumps in the 
frequency characteristic is shown in Fig. 27. The noise affects 
appreciably only the jumps that occur for decreasing signal 
frequency, the effect becoming more pronounced as the non- 
linearity is increased. This is shown by curves (a) and (bd) of 


Frequency of jump, c/s 


0-75 1-0 
Nin 


Fig. 27.—Variation of jump frequencies with noise power. 


(a) - O M =7°7, Sy = 1°21 
(b) x M = 4-1, S;= 1-20 
(c) A M = 4-1, S; = 1-00 


Fig. 27. It has also been found that for any degree of non- 
linearity there is a particular signal amplitude at which the jump 
phenomena may be retained in the presence of a maximum 
amount of noise. 

The response to a random signal with a limited bandwidth, 
the half-power point being at 5000c/s, is shown in Fig. 28. 


1000 2000 
' Frequency, c/s 


Fig. 28.—Output response to a low-frequency-bandwidth random 
signal in the presence of white noise. 


Tas = 0:16Tay-, M = 4:1 

Linear response. 

Nis = 0:67, Nin = 0:00 
Nis = 0-67, Nin = 0°33 
Nis = 0:67, Nin = 0:67 
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Curves (a) and (6) are the responses to the signal alone, and 
curves (c) and (d) are the responses to the signal in the presence 
of white noise. The effect of increasing the signal and/or the 
noise is to increase the bandwidth and to reduce the resonant 
peak of the non-linear response. A similar effect is observed 
when the non-linearity is increased, the input being kept constant. 


(12) CONCLUSIONS 

The transient response of a system stabilized by output- 
velocity feedback and incorporating a hard-spring amplitude 
characteristic has been analysed graphically for two forms of the 
characteristic. The salient features of the non-linear response 
have been discussed and compared with the response of the 
equivalent linear system. It has been shown that under certain 
conditions the response of the former is better than that of the 
latter. The effect of phase-advance stabilization has been 
derived, and the response of a system incorporating this stabiliza- 
tion has been compared with that of a system stabilized by 
velocity feedback. It has been shown that the response time of 
a system stabilized by phase advance is less than that of a system 
stabilized by velocity feedback, and furthermore that the first 
overshoot of the former is greater than that of the latter. The 
effect of the non-linear amplitude characteristic on the overall 
stability of the system has been discussed, and a comparison 
has been made of the stability of this system with that of a system 
incorporating a high-gain amplifier. It has been shown that 
under certain conditions the former is more stable. Experimental 
verification is included. 

The effects of non-linearity on the experimental techniques 
necessary for testing non-linear control systems subjected to 
random inputs have been discussed, and experimental results 
obtained. It has been shown that the contribution to the output 
by cross-modulation products is negligible, and consequently the 
output spectrum can be related to the input spectrum to obtain 
a “gain-frequency characteristic.”” Thus the response to white- 
noise signals has been determined. It has been shown that the 
effect of increasing the signal and/or non-linearity is to increase 
the bandwidth and to decrease the resonant peak of the response. 
The effect of noise on the response to sinusoidal signals is to 
quench the jump phenomena if it is present, to reduce the resonant 
peak and to increase the bandwidth. It has been found that for 
this non-linearity there is a particular amplitude of sinusoidal 
signal at which a maximum amount of noise is required to 
quench the jump phenomena. This suggests that by pre- 
amplifying the input by a controlled amount a similar system 
properly designed might be used as a low-pass filter when the 
signal is relatively sinusoidal. Finally, the response of the system 
to a random signal in the presence of white noise has been found 
to be of the same character as the response to sinusoidal and 
white-noise inputs. 

One of the chief aims of this work is to determine whether a 
qualitative relationship exists between frequency response, 
transient response and random signal testing. A comparison 
of the results in Section 11 with those in Section 5 and 
Reference 1 reveals that the increased bandwidth and decreased 
resonant peak of the sinusoidal response are related to an 
increased bandwidth and decreased resonant peak of the random 
signal response and to a quicker, less-oscillatory transient 
response. There is therefore a definite qualitative relationship 
between these three forms of testing, and this qualitative relation- 
ship agrees favourably with that which exists for the linear system. 
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(14) APPENDICES 


(14.1) The Derivation of the Normalized Equation of Motion of a 
Simulator possessing a Cubic Non-Linear Characteristic 


Let 6; and 0, be the actual instantaneous position of input 
and output. 


Let 


and 


0; = U4e; 
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Then the normalized processed error signal is given by 


e =Gle; — e,) i 


= i 
a re 


and the normalized control signal by 
€, = Ge; —e)) ine 
The output from the non-linear element is of the form 
wleog = as + ) 


If it is assumed that the friction is zero, and that the system is of | 
second order, the equation of motion is given by 


Té, = o[(e — T,é,) + € — Tyé,)*| 


the input is held at zero level and that the output is released 
from rest with an initial error —|@,,|. For this simulator, but 
not in general, this response is the same as the step-function 
response with the input moving from 8, = — |0,,|. In the phase- | 
plane analysis it is preferable to use the normalized form of the 
equation of motion. Let the input be held at zero and let 


(41) | 
For convenience in the following analysis it is assumed that | 


Substituting eqns. (42) in eqn. (41) and simplifying the result, 
one obtains the normalized equation of motion 


| 

| 
a | 

| 

| 
One i 
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~ as | 
é, = w,Y | 
= Xie (42) | 
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(14.2) Determination of the Normalized Equations of Motion of a _ 
Simulator possessing a Segmented-Line Characteristic 


The three conditions under which the simulator possessing — 


this particular characteristic operates are given in Section 4. 
Let 6; == Vee, 
and =v 


The normalized processed error is given by | 
e = Ge; — @,) 
and the normalized control signal is given by 
€,— G(e; —"e))ieenlies 
If it is assumed that the friction is zero and that the system is _ 


of second order, the equations of motion corresponding to each | 
mode of operation are ! 


Té, = k[G(e; — e,) — Tyé,] . 
for condition 1 
Té, = m[G(e; — e,) — Tyé,] — n — k) 
for condition 2 
Té, = m[G(e; — e,) — Tyé,] + @n —k) . 
for condition 3 


and 


me 
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__ If for convenience it is assumed that 0, is held at zero, the 
normalized equations of motion may be obtained by substitut- 
ing eqns. (42) in the above three equations of motion. 

The resulting normalized equations of motion are 


re + w,Tjk¥ + kGX =0 (47) 
for condition 1 
sa + w,Tk(m[kK) Y + mGX = — 6 (48) 
for condition 2 
veake + w,Tk(m[k) Y¥ + mGX = 5 (49) 
for condition 3 
where §=(m—kh =m, (50) 


(14.3) Determination of the Straight-Line Trajectories in the 
Non-Linear Regime 


The system described in Section 3 is critically damped in the 
linear regime and overdamped in the non-linear regime. There 
are then two straight-line trajectories corresponding to each 
condition of operation in the non-linear regime. 

' For the condition V, > V, the normalized equation of motion is 


yo + w,T yk(m[/kK)Y + mGX = — 6 
dx 
The equation of the trajectory will be the same as the equation 


of the locus. 
In the above equation let 


aye 
ay > 
1 k 
and y = s| x ate a! i 4] (52) 


which is the equation of a straight line passing through the point 


3) 
A ie) 


The required slope will then be given by 
S? + w,7T,k(m[/kK)S + mG = 0 
This has the solution 


— w,Tgk(m|k) — »/{ [w,T,k(m]k) 2 — 4mc} 
= 5 . (53) 


S, 


— w,Tak(mfk) + V/{ [w,Tak(m|k)? — 4mG} 
2 


and) S5= . (54) 


For the condition 1 ieee V, the slopes S; and S, of the 


straight-line trajectories can be determined in a similar manner. 
The solutions are 


} 


og, = wT k(m[k) — f [w,T yk(m/k))? — 4mG i 
Sy = aaa Si 


and 


S= 


— w,Tk(m[k) + Vf { [w,Tk(m/k)]? — 4mc} hc 
2) 


If the damping in the linear regime is reduced to a value 
wy, Tak = 2/kGr/(k]/m) 
the system is critically damped in the non-linear regime, there is 
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but one straight-line trajectory corresponding to each condition 
of operation in the non-linear mode, and 
__ @,Tgk(m]k) 

5 2 


Si Sh (55) 


For a value of damping less than this, the system is under- 
damped in both regimes. 


(14.4) Determination of the Intersections of the Loci of Constant 
Slope S with a Boundary 


The locus of constant slope S” for the condition |V,| < V, is 
given by 


(56) 
If the point at which this locus intersects the boundary 
Y=— eo (GX + 1) 
Ty, 


is X;, Y;, then the solution is 
_ SY +o, Tak Y= k 
S’G ? 1 iS” 
The locus of constant slope S” for the condition V, > V, is 
given by 


xX, = 


_ mGX +8 
S” + @, Tien] 


If the point at which this locus intersects the boundary 


Y= (57) 


Yy=— oe es (GX + 1) 
Ty, 
is X>, Y>, then the solution is 
ek YS 
S’G 
Y= k/S4= Yr 


X 7 xX; 


Hence the locus of constant slope in the non-linear regime 
intersects a boundary at the same point as the locus of the same 
slope in the linear regime. 


Fig. 29.—Arrangement of the photo-multiplier. 


(14.5) The Noise Source 


The arrangement used is shown in Fig. 29, the photo-multiplier 
tube and the pea lamp being enclosed in a metallic cylinder. 
It was found that, using a well-stabilized power supply and a 
good accumulator for the light source, the noise output remained 
constant to within a few per cent for periods of half an hour 
and longer. 
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DISCUSSION BEFORE THE MEASUREMENTS SECTION, 


Dr. J. H. Westcott: The authors have based their papers on 
the description-function method, and I believe that Daniel first 
suggested its use. I should like to see a disclaimer, stating that 
the paper is based on the description-function method and 
resemblance to non-linear analysis is so limited. We are 
steeped in linear theory, and this is a device for enabling us to 
do something in cases where otherwise we could do nothing, 
and so it is useful. 

I am interested in the phase-margin criterion of 21°. Once 
we were told to keep outside the limit of 30°, and then we were 
told that we could do better than this. Now the authors 
categorically advocate keeping out of the limit once more. 

With regard to Fig. 7 of the paper by Drs. West and 
Douce, the authors give some calculated values showing how 
good their experimental values are. I do not know how they 
were calculated, but suspect it was on the basis of the description- 
function theory. The experimental points are then accurate and 
the calculated points are approximate, but I am not sure of the 
accuracy of the experimental points because I am not sure how 
far we can trust the simulator. This raises the question of how 
we can successfully record computer work. 

Mr. P. E. W. Grensted: A system very similar to that considered 
in the paper by Drs. West and Nikiforuk is a velocity-lag 
servo mechanism with a non-linear gain characteristic which is 
an mth power law. The equation for the output x in response to 
a step input is 

d?x 
dt? 


where {x\" = x” if x > 0, and (i — (=X)? aE Ry 

The solution is. oscillatory for large amplitudes if m is greater 
than unity (hard spring) and oscillatory for small amplitudes if n 
is less than unity (soft spring). It may be shown by an extension 
of the describing-function method* that the amplitude a of these 
oscillations is given very closely by 


i Ag 4et/B+n) 


e+ oe + {x =0,n> = 0 


where A is a constant. 
given by 


Thus the damping of the transient is 


c which is constant. 


4 
aia 3+n 
The damping is increased from the value ». =c for a linear 
. System ( = 1) ifn is less than unity and decreased if n is greater 
than unity. For this system it appears that a soft-spring gain 
characteristic would be preferable. 

With reference to the paper by Drs. West and Douce, does 
the theoretical analysis indicate whether the sub-harmonics are 
stable? 

Prof. A. Tustin: Over quite a number of years.Dr. West and 
his colleagues have been tackling some very awkward problems 
in non-linearities and presenting the results in an excellent 
sequence of papers. The work is considerably restricted by 
what is at present mathematically practicable. How far do the 
authors think that analysis on these lines may ultimately be 
extended to cater for the more complex systems used in practice? 
Phase-plane methods are limited to second-order systems, and 
the general nature of the conclusions given in the paper by Drs. 
West and Nikiforuk were self-evident from the start. It is 
unfortunate that similar results cannot be obtained for higher- 
order systems when we deal with step-functions. The greater 
part of the series of papers have dealt with functions of frequency, 


* GRENSTED, P. E. W.: ‘‘The Frequency Response Analysis of Non-linear dats, 
Proceedings I. E.E., Monograph No. 126 M, April, 1955 (102 C, p. 244). 
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using the so-called ‘“‘describing-function” approach. This metho! 
is very powerful, and it has given a great wealth of useful results! 
I believe that it can give most of what the engineer requires. Th 
authors are not being quite fair in stating that the describing! 
function technique neglects harmonics. It does not exacth 
neglect harmonics; it simply assumes that if a periodic oscillatior 
of a system is to occur, and if we consider the fundamental o 
that oscillation, it must, in the presence of the other harmonics) 
regenerate itself precisely. The same statement applies to eack 
separate harmonic. To pick out the fundamental and draw it: 
Nyquist diagram is not to neglect harmonics but to make the 
supposition that the presence of the harmonics, which aré 
undoubtedly present, does not significantly modify the relation 
ship between components of fundamental frequency. 

I have never been able to understand why solutions for the) 
response to step-functions—apart from their theoretical interesi|/ 
—should engage the time of so many people. Few servc 
mechanisms have to follow step-function inputs except under 
running-in conditions, and then the error is so large that in 
practice we could not obtain a cubic law for the response of 
torque to error. Its character is inevitably just the reverse. In 
such cases, I should like to know the practical use of a detailed 
inquiry into step-function responses for servo-mechanism design. 

I have tried to follow the reference to the treatment of these 
problems in terms of bandwidth. The general results, which are 
described as having been arrived at through consideration of 
bandwidth, are evident from elementary physical principles. 
The higher frequency at larger amplitudes occurs just because 
the control is effectively stiffer. The peculiar shape of the 
response to a step-function is entirely due to the non-linearity, 
and bandwidth is a concept essentially associated with linearity 
and harmonic analysis, but I may have missed the point. 

Having acquired so much experience in applying phase-plane 
and other methods to these non-linear problems, could the 
authors indicate the direction in which they feel further research’ 
in the field would be fruitful? Have they now reached the end 
of the problems which can be solved by mathematical methods? 
If so, what do they suggest we should do about it, since designers. 
are concerned with non-linearities in high-order systems? 

Mr. D. V. Blake: I would like to deal with the use of the term 
“better response” in the paper by Drs. West and Nikiforuk. 
The fast response is not necessarily the best. At the N.P.L. we 
have tackled a number of problems on the simulator with various 
customers, and each has his own idea of what is best. For, 
instance, high speeds and large changes of speed are very bad in 
things like lifts and devices carrying people. 

The paper would have been much more valuable if the authors, 
had given an adequate comparison between their non-linear 
systems and a corresponding linear one. Most of the compari- 
sons are given with reference to a linear system of lower gain, i.e. 
one corresponding to the first part of the non-linear characteristic. 
It would be helpful if they could give more information on the 
comparison with respect to a linear system with optimum gain— 
probably an intermediate value between the two used in the non- 
linear case. In this case, is the additional complication of 
providing a cubic characteristic justified ? 

At present, there seems to be a lack of adequate means of 
checking simulator solutions. In a linear system we can usually 
assume that it is reasonable and the response is approximately 
what would be expected. It can be checked at spot points by 
varying parameters and finding out the point at which instability 
occurs. This can be done fairly easily in a linear system, but in 
a non-linear one it is very difficult. 

Mr. J. J. Thompson: The organization with which I am asso- 
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ciated has used non-linear damping of the segmented line 
pattern in hydraulically-operated steam-turbine governors for the 
past 25 years, for the express purpose mentioned in the Introduc- 
tion to the paper by Drs. West and Nikiforuk, namely that 
of decreasing the response time whilst maintaining stability. 
This feature is most useful in difficult governing problems, such 
@s governing the rate of export or import of electrical power to 
or from a large network, from an industrial turbo-alternator 
which also feeds a local fluctuating load. In an a.c. system this 
orm of governing involves, of course, not the speed control but 

position control of the alternator rotor. The system equation 
thus becomes of higher order than usual, and in practice it is 
a resp difficult to achieve stability without serious sacrifice 


Mf response time. The use of non-linear damping restores the 
response time to a normal value. 


_ Drs. J.C. West, J. L. Douce and P. N. Nikiforuk (in reply): 
We are pleased to learn that, contrary to general knowledge, 
the introduction of describing-function techniques occurred in 
this country and originated from the work of the late Prof. 
P. J. Daniell in the early 1940’s. 

y With reference to the third paragraph of Dr. Westcott’s 
remarks, no simulator was involved, and the comparison between 
theoretical and experimental results taken from the actual non- 
linear system is given to emphasize the accuracy of the describing- 
function method used in the analysis. 

The similarity of Mr. Grensted’s equation to the one con- 
sidered is only superficial; they represent systems having vastly 
different physical characteristics. From Section 7, our equation 
may be written in the form 


d?x i 
dt x) ney 


from which it is seen that both restoring force and damping force 
are raised to the nth power. 

The method used in the paper by Drs. West and Douce is 
essentially a steady-state analysis, and additional information is 
required to assess the stability of the oscillation in a given case. 
This point has been covered in a further paper.* 

, We are very grateful to Prof. Tustin for his remarks concerning 
the describing-function technique, especially in contrast to the 
disparaging views of Dr. Westcott. For the purposes of mathe- 
matical analysis the use of the phase plane is limited to second- 
order systems, and further developments on these lines is unlikely. 
However, it is felt that it is an invaluable experimental technique 
siving insight into the physical behaviour and modes of operation. 
For the vast majority of systems, no matter the complexity, the 
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I must protest against the continued use of the term “hard 
spring.” Because it was apparently used by a French author 
in 1928 and has since been used in the United States is no 
reason for using it here. If electrical engineers must use mech- 
anical terms they should study accuracy. Hardness is by defini- 
tion the ability to resist indentation. The hardness of a spring 
therefore has no effect on the characteristics of a spring as such, 
but rather on its fatigue limit. At the same time, why is the 
spring used as an example when other devices can exhibit an 
equally flexible relationship between input and output whilst 
having input and output expressed in the same units, which is 
not true of the spring? Fig. 5, showing a so-called “hard- 
spring”’ characteristic, corresponds to a spring of decreasing rate, 
which is most confusing. It would have been appropriate to 
refer to it as a “‘soft spring.” 


THE ABOVE DISCUSSION 


step-function response is unique for a given amplitude of input 
and identical initial conditions, and this means that a complete 
phase-plane diagram can be constructed for systems of any order. 
At the University of Manchester, work has been proceeding 
fairly successfully with third- and fourth-order systems using 
the phase plane as the means of recording a large amount of 
data in a small space, and restricting the trajectories to those for 
step-function response with the initial values of the first and 
higher time derivatives zero. As for second-order systems, 
regions can be mapped out showing different operating modes. 
The describing-function technique is by far the most pr omising 
and powerful analytical method yet developed. It is not limited 
to “small order” equations, but at its present stage it is limited 
to one non-linearity per loop and to frequency-independent non- 
linear characteristics. Neither of these two limitations are 
fundamental, and we are endeavouring to break them down; this 
is regarded as the most important part of our future programme. 
We agree with Prof. Tustin that the task of evaluating the 
response to step-functions is more of academic interest than of 
engineering importance. However, its use in understanding the 
performance of a non-linear system and for assessing the system’s 
adequacy for a given set of requirements is more nearly met by 
a series of transient responses as performance data than by a 
series of frequency-response curves. It is felt that the future 


-trend will be towards analysing the response to random inputs 


of various nature. 

The justification that Mr. Blake asks for—that the addition of 
a hard-spring characteristic is worth the extra complication—is 
given in the example described by Mr. Thompson. We are very 
sympathetic to Mr. Blake’s views on “better response,” and 
would add that high speeds and large changes of speed are bad 
also for ‘‘people carrying devices.” 

We must apologize to Mr. Thompson for upsetting his mech- 
anical sensibilities. We have, however, sinned in good company. 
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THE ADJUSTMENT OF CONTROL SYSTEMS FOR QUICK TRANSIENT RESPONS)) 
By A. T. FULLER, M.A. 


(The paper was first received 10th July, 1954, and in revised form 3rd February, 1955.) 


SUMMARY 


The time taken for correction of transient errors in linear feedback 
systems is examined theoretically. or any of a large class of such 
systems the quickest approach to complete correction is obtained when 
the system is adjusted to be quasi-critically damped. Furthermore, the 
time taken to achieve a large attenuation of an initial error is, in 
general, dependent on only one system parameter, termed the settling 
time-constant; and this is relatively easy to calculate when the system is 
quasi-critically damped. 

These results, together with other known advantages of quasi- 
critical damping, suggest that the latter constitutes a useful general 
design criterion of stability. 


LIST OF SYMBOLS 


A, An, ... Ax, Aj, ...A, = Real parts of roots of charac- 
teristic equation. 
a, 4, .. . 4, = Coefficients in characteristic equation. 
a = Constant defined in eqn. (1). 
B,, Bo... B,, B;,... B, = Imaginary parts of roots of charac- 
teristic equation. 
Co, Ci, - . - C,, = Coefficients defined in eqn. (1). 
D = Constant factor of C,,. 
£ = Error in controlled quantity. 
Er; = Transient response of E. 
£, = First undershoot in Fig. 2. 
E = First overshoot in Fig. 2. 
Fo, Fa, . . . F; = Coefficients defined in eqn. (17). 
JS (p) = Left-hand side of characteristic equation. 
F’(p) = Derivative of f(p) with respect to p. 
g = Adjustable component in system. 
M,, Mz = Determinants defined in eqn. (19). 
ft = Loop gain. 
Lt, = Value of loop gain which gives quasi-critical 
damping. 
n = Order of characteristic equation. 
w = Angular frequency of harmonic factor of C,,,. 
Pp = Operator representing differentiation. 
Q;, Q2,... Q,, Q);,... OQ, = Roots of characteristic equation. 
p = Loop integration rate. 
P- = Value of loop integration rate which gives 
quasi-critical damping. 
s = Number of equal loop lags. 
T = Loop lag in system of Fig. 1. 
T, = Loop delay. 
T;, To, . . . Tj, = Loop lags. 


t = Time. 
t, = Settling time. 
T, = Settling time-constant. 
Tsc = Value of 7, when system is quasi-critically 
damped. 
6 = Constant part of phase of harmonic factor 
OG: 
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u, = Coefficients defined in eqn. (9). | 
v,, = Coefficients defined in eqn. (9). 1) 
| 


(1) INTRODUCTION 

One method of evaluating the performance of a control syste:| 
is through study of its response to a transient disturbanc| 
Various theoretical criteria,! such as integral-squared-error, havi} 
been proposed on this basis. The present paper describi 
another such criterion, the features of which are its mathematic: | 
simplicity and its practical appropriateness for certain types ( 
control system. 

If a control system, initially at rest, is subjected to a iransien ) 
disturbance, the error in the controlled quantity may be large : i 
first, but will eventually be reduced to comparatively sma) 
proportions. The time taken to reach a given small proportio | 
is a measure of the system performance. If the possibility 
overshoot exists, a better measure is the time taken for the errc’ 
to reach a point after which it always remains within the give 
small proportion. This time may be termed? the settling tim 
of the process. The error will eventually approach some cor 
stant value (which is often zero), and for this value the settlin 
time, being infinite, is no longer a useful measure of performance 
However, as will be shown, the ultimate approach is essentiall 
exponential and may thus be characterized by a time-constani 
which will be termed the settling time-constant. It follows that 
if a number of different systems are compared, that system whic] 
has the smallest settling time-constant will provide the quickes) 
attenuation of transient error down to very small values. W) 
shall. accordingly adopt the settling time-constant as a criterioi| 
of performance, and investigate how it may be minimized b: 
system adjustment. 

The practical importance of the criterion may perhaps bi 
judged by considering relevant examples as follows: 


(a) A weapon-aiming servo mechanism which is suddenly switche 
from one target to another. A suitable criterion of performance ii 
the time taken to become trained on the second target. Criteri: 
involving weighted integrals of error are inappropriate, since al 
except very small errors are equally bad, i.e. “‘a miss is as good a! 
a mile.” 

(6) An automatic pilot controlling an aircraft flying througl 
bumpy weather. After a severe bump, passenger comfort may 
require that the aircraft should get back to steady flight on it; 
original course as soon as possible. 

(c) Processes in which fuel economy is important. It might be 
required that the system should attain its operating point as soon 
as possible after starting up. 


We may anticipate results and add: 


(d) Processes in which overshoot is inadmissible, e.g. bobbin- 
winding machines and temperature limiters in jet engines. 

(e) Processes in which a conservative stability margin is required. 

(f) Complex systems in the early theoretical stages of design when 
only the simplest criteria are mathematically manageable. 


It should be noted, however, that the criterion may lead to 
an unduly conservative design in certain systems, such as those 
in which only a comparatively low attenuation of error is 
required, or those in which a high loop gain is more important 
than a fast response. Even so, the criterion may still be useful 
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lor these systems in providing a simple indication of lower limits 
for design parameters. 


(2) CALCULATION OF SETTLING TIME 


It is well known?>* that the transient response of a stable 
linear system to an input may be expressed as the sum of a 
number of terms, each of which has a factor which decreases 
exponentially with time. Furthermore, it is easy to show that, 
as time progresses, the terms having the faster rates of decay 
become negligibly small compared with those having the least 
rate of decay.?»4.5-6 Thus if a disturbance is applied to a 
linear control system, the transient response E7, of the error E 
in the controlled quantity, for large values of time ft, may be 
| in the following general form: 

Ep =e(Co + Ct+C+. (1) 
where « is a negative real constant, and Cp, C,,... C,, either are 
real constants or vary sinusoidally with time. Consider first the 
case when the C’s are constants. For sufficiently large values 
of t, ie. for sufficiently large attenuation of error, eqn. (1) 
approaches 
| Er = &'C,,t™ (2) 


| 
From eqn. (2) 


ee ones as 


(3) 


m log ‘) 


log Ey = (a eee myo 


When t > © the second and third terms in the bracket in eqn. (3) 
become negligibly small. Eqn. (3) then yields 


(4) 


From eqn. (4) the settling time t, (as defined in Section 1), 
required for the error to reach a small value E7, is given by 


t—> a! log E, 


(5) 


Next consider the alternative case when Cp, Ci, ... C,, vary 
sinusoidally with time. We may use the preceding argument, 
with C,, replaced by D sin (wt + 6), where D, w and @ are real 
constants. Thus the point when the system has settled to a 
given small error E; is still given by eqn. (4), unless sin (wt + @) 
happens to be very small at this point, making (log C,,)/t no 
longer negligible in eqn. (3). But it may be shown as follows 
that the latter contingency does not arise. For sufficiently small 
deviations of time near sin (wt + 0) = 0, the graph of Ey against 
t may be approximated by a straight line crossing the f-axis. 
These values of EZ, must therefore be exceeded in magnitude 
during subsequent values of ¢, i.e. the point at which sin (wt + 6) 
equals zero must occur a finite time before the point at which 
the response settles to the given smallerror. Hence, at the latter 
point, sin(wt + 0) cannot be small compared with «% for 
sufficiently large values of ¢. Therefore eqn. (5) is a valid 
expression for settling time when t — oo. 

Now « is a parameter either of the input disturbance or of the 
ystem. In the latter case it is the only system parameter which 
letermines the long-term behaviour, according to eqn. (5), and 

so constitutes the criterion of performance. Minus the reciprocal 
of this system parameter will be called the settling time-constant, 
T,, of the system. 


Thus T= — Ife. 


(«1 log EB, .. 


(6) 


Tf, on the other hand, « is a parameter of the input disturbance, 
eqn. (5) does not yield a criterion for the system, i.e. the dis- 
turbance is too slow fully to test the capabilities of the system. 
This case will not be considered further in the paper. 
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(3) MINIMIZATION OF SETTLING TIME 

Let us vary some physical parameter of the system in an 
attempt to minimize the settling time-constant. Eqn. (6) shows 
that this implies minimization of «. Now « is the algebraically 
largest of the real parts of the roots of the characteristic equation 
of the system; this is clear from the methods?>4 used in deriving 
eqn. (1). Therefore, as a first step, we calculate the rate of 
change of one of these roots with change of a general system 
parameter. 

The characteristic equation of the system may be written 
Ff(p) = 0, in which 


f(p) =% + ap + agp? +... (7) 


where p is the operator representing differentiation and dp, 
a, ... @, are constants readily calculable in terms of system 
parameters by means of conventional rules (e.g. Kirchhoff’s 
laws in the case of electrical systems). If the roots of the charac- 
teristic equation are Q;, Q>,...,Q,, 


LO =42,0— Oy — Q))...~— 2) (8) 


Suppose the physical component which is to be varied is g (this 
could represent an impedance, an inertia, a d.c. gain, or a rate of 
integration, etc.). It is well known in elementary network 
theory that coefficients such as dap, a;,... , a, are linear functions 
of any single component, so that eqn. (7) may be written 


f(p) =u +uypt+...+4u,p" 
ar eA Otiy aie OND ap alee 


ar Geet 


+ ,p") (9) 


where Up, uy, . are constants (some of 
which are usually zero). 
Differentiating eqns. (8) and (9), which are identities in p, with 


respect to g we obtain 


RANGED, Uj isrene eC 


Pa 7) 


df _ da, 
Pa Te Q.)...(p— Q,) 
+a,(—P)(p — 0)... - 2) 
alee 
d 
+a, — Op — 2)... (— Ba (10) 
and ee ae (11) 


Equating the right-hand sides of eqns. (10) and (11), and sub- 
stituting p = Q,, in order to eliminate 


dQ, dQ, 
rae er etcy, 
yields 
dQ; ae, AE V9 as %Q; ae QF Tid sabe V,Q7 ; (12) 
dg a,Q, — Q.)(Q; — Q;) 5 on CO Q,,) 


The interpretation of eqn. (12) is rendered less abstract if we first 
consider some special cases and then proceed to greater generality. 
The following notation will be used: the real and imaginary parts 


of 21; Q>, oe 8 yg QO, will be Aj, Ad, Cr) A, and By, Bo, . "9 B, 
respectively. Further, it will be assumed that 4;, 42,...,A, 
are suffixed in order of gh ae 

ie: 0>4,>42,> se Ae (13) 
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Note that A, is thus minus the reciprocal of the settling time- 
constant, 


i.e. Ay = = 1], (14) 
Case (a). 


YU, U2, 4 
O;, Q>, o- 


This situation can arise, for example, when the open-loop 
transfer function has no zeros and only real, different poles, and 
when g represents loop gain.© gn. (12) becomes 
dA, U% - (5) 
dg D (Ap AD) Alpes a) ee (Agee) 
In this equation a, is positive, since the system is being regarded 
as stable,” and the factors (A, — Aj), etc., are also positive, from 
expressions (13). To simplify the argument we shall also con- 
sider vg to be positive, as is usually the case in practice, although 
it turns out that the sign of vp does not influence the final conclu- 
sions to be reached. Hence dA,/dg is negative. Therefore the 
settling time-constant may be reduced, and the system per- 
formance improved, by increasing g. 

This remains true as long as Q,, Q2,. .., Q,, remain real. 
Actually, continued change of g causes members of a pair of 
adjacent roots to become first equal and then complex. In 
particular, considering Q, and Qs, the sign of dA,/dg may be 
shown to be positive by means of an expression analogous to 
eqn. (15). Hence increase of g causes A; and A, to approach 
one another, as well as improving performance. 


. ,U, are all zero 
., Q, are all real 


Case (b). 

The conditions are as in case (a), except that any roots, apart 
from Q,, may be complex. 

Suppose, for example, that QO, is complex, Q, is its conjugate, 
and the other Q’s are real. Then the expression for dA,/dg is 
the same as that given by eqn. (15) for case (a), except that the 
positive factors (A, — A;), (A; — A)), must be replaced by 
(A, — A, — jB,), (Ay — 4; —jB)). The product of the latter 
factors is 

(A; aoe A De ae B 
(putting A; = A, and B,= — B,, since Q, and Q, are con- 
jugate), which is necessarily positive. Hence the sign of dA,/dg 
is the same as in case (a). The same argument may be applied 
to any further pairs of complex conjugate roots. 

It follows that the results for case (a) are also valid for this 

“more general case, so that the system may still be improved by 
increasing g, at least until A; becomes equal to A). 


Case (c). 
_ The conditions are as in case (a), except that Q, is complex, 
with Q, as its conjugate. 

This situation arises when, in the system described under 
case (a), loop gain is increased beyond the point where A, 
becomes equal to A>. A geometrical demonstration that Q; and 
Q> do, in fact, become complex beyond this point has been given 
in a previous paper.® 
dA, dQ, 
pact | pal 16 
de = (16) 
Substituting in eqn. (16) an expression for dQ,/dg derived from 
eqn. (12), noting that A, = A, and B, = — B, and rearranging, 
we find 
GAy 06 Fo FoB7 ot Pane Pie 
a5 24,\ (A; = A,)ice Be apa)? + Bee 4 

... [(4,— 4,)? + BR]. 7) 


We have = Real part of 
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where Fo, Fn, ..., F; are constants given by 
Fy = Sum of products of (A, — A3), (A; — Ay), -.., (4, -A 

taken (n — 3) at a time. ; 
F, = Sum of products taken (m — 5) at a time. 
F,= Sum of products taken (7 — 7) at a time. 
F, = + Sum of (4, — A;), (4; = Ay), .) - 5 4, — Apa) 


even; or unity if 7 is odd. 


In eqn. (17) the denominator is necessarily positive. Further 
more, since Fo is also necessarily positive, the numerator i | 
positive, provided that B, is small enough to render negligibl | 
the terms —F,B?, —F,B6, etc. Hence, with this proviso, dA,/d_ 
is positive, and the system may therefore be improved b 
decreasing g. \ 


Case (d). | { 

The conditions are as in case (c), except that any of the root; 
Q3, Q4,..., O, may be complex. ij 

By considering one pair of complex conjugate roots at a time ) 
as was done in case (b), it may be shown that the result of case (c} 
is also valid for the present, more general, case. Hence, providec| 
that B, is small, the system may be improved by decreasing g. | 


The implications of the results of cases (a) to (d) are as follows | 
If we commence with a system which is comparatively over: 
damped [case (b)], it may be improved by increasing the loor 
gain, 4, up to the point where the ““dominant”’ pole, Q;, becomes 
complex [case (d)]. At this point the rate of change of settling 
time-constant shows an abrupt change of sign, so that further 
increase of loop gain is detrimental. This effect is illustrated in 
Fig. 1, which is a plot of A, against ps for a single-loop contro] 


Ay 


Q, complex 


Fig. 1.—A, plotted against loop gain for a third-order system. 


The system is a single loop comprised of three simple lags of values 2007, T and T 
respectively; and a lagless amplifier of gain u. The characteristic equation is thus 


w+ (1 + 2007,)(1 + Ty)? = 0 
A, is the largest of the real parts of the roots of this equation. 


system containing three simple lags. Clearly the best performance 
occurs at the point when Q, becomes complex, although this 
point does not correspond to a “‘minimum”’ in the usual mathe- 
matical sense. This point is called a “sharp minimum” to— 
distinguish it from the “‘smooth minimum” of calculus. 

The conditions for the sharp minimum are also those for | 
quasi-critical damping as may be seen from a definition of 
the latter :° 

A system is quasi-critically damped when two or more of its” 
poles have the same least value of decay rate, and one or more 
of these poles is real and negative. 


Quasi-critical damping has been discussed in a previous paper,® 
from which it follows that a system in this condition has an 
interesting property. The response to a sudden change of input 
is such that “the output eventually reaches a regime in which it 
just fails to overshoot its final equilibrium value, this regime 
extending to infinite time.’’ Thus systems which are just mono- 
tonic, or which are just free from overshoot, are often particular 
cases of quasi-critical damping. 

Finally, if a completely general system is considered, with 
several non-zero v’s, a study of eqn. (12) shows that usually 
quasi-critical damping still gives a sharp minimum. There are 

© a number of smooth maxima and minima, corresponding to 
zeros of the numerators in eqns. (12) and (17). For sufficiently 
complex systems, it is at least conceivable that the smooth 
minima could give better performance than the sharp minimum. 
However, for the simpler systems, quasi-critical damping repre- 
sents an important minimum, and we confine attention to it in 
the paper. 

_ The results of this Section confirm an assertion due to Thaler 
and Brown® to the effect that ‘‘critical damping” gives the 
quickest approach to ‘‘absolute correspondence.”’ 


(4) QUASI-CRITICAL DAMPING CALCULATIONS 
) It has been shown geometrically in the previous paper® that 
quasi-critical damping is a relatively easy condition to calculate, 
at least for a certain class of control systems. A somewhat more 


a a a 
general approach will now be given, using methods from the 4 2 : 
theory of equations. 3a, 2a, 
From the definition given in Section 3, it is clear that when Pe a ae 
Q, = Q> we have a particular type of quasi-critical damping. = 3 2 1 
For the remainder of the paper, we shall confine attention to this Use ; 
type, which is relevant to many practical control systems.® iS Ae ye MZ) 
__ Thus quasi-critical damping is reached when two roots of f(p) Sa as 
become equal, and the condition for such coincidence is known : 
to be®»!° as follows: 3a, 2a, (21) 
a Opa G9 ------a@ @ 0 O 0 
0 ay, Gy ay ay ay 0 0 
OF 0 Qn a, a, a A 0 
n—1 | | 
rows . ) 
| I | 
| 
0 a 
=) 
0) a 
| | 
| | 
| | 
n | 
TOWwsS | 
0 On! na, 3a, 2a, a, O 0 
0 na, (w— 1)a,_, Zande O40 0 
GPG i= 2)0,25- —- —- — — ~a4 9 0 O - -0 (18) 
- The condition for quasi-critical damping given by eqn. (18) is a — 3a,a; (22) 


the same as that given in the previous paper,® except that, in 
the latter, the rows of the determinant were rearranged to bring 
out more clearly the analogy with one of the Routh—Hurwitz 
criteria.7!1_ (An interesting property of the above determinant 
is that its minors determine whether or not the system is ‘‘com- 
pletely’ aperiodic.!!) 

_ A further result from the theory of equations is that, if an 


FULLER: THE ADJUSTMENT OF CONTROL SYSTEMS FOR QUICK TRANSIENT RESPONSE 


599 


equation has two equal roots, their common value may be 
expressed by the ratio of two determinants involving the poly- 
nomial coefficients.9:!° As applied to eqn. (7), this means that, 
if eqn. (18) is satisfied, the settling time-constant, termed 7,. for 
this condition, is given by 


Ts¢ = M,/M) (19) 


where M, is the minor obtained from the determinant in eqn. (18) 
by deleting the first and last rows, and the first and last columns; 
and M, is the similar minor obtained by deleting the first and 
last rows, and the first and penultimate columns (an analogous 
expression exists!? for the hunting frequency of a zero-damped 
system). 

By way of illustration, for a third-order system, the condition 
for quasi-critical damping is, from eqn. (18), 


Qa; a GQ a 
a, Gy GQ a 
3a, 2a, a, |=0 
3a, 2a, a 
Si, Pty Ob (20) 


If this is satisfied, the expression for the settling time-constant is 


Ady — 9aya3 


When loop gain is the quantity which is to be varied to get 
quasi-critical damping, the process of solving eqns. (18) and (19) 
may often be replaced by the following quicker method.® Cal- 
culate the algebraically largest real root of f(p) =0, and 
substitute this value for p in f(p) =0. The latter equation 
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will then yield an expression for 4,, the loop gain which gives 
quasi-critical damping. Furthermore, the settling time-constant 
is minus the reciprocal of the above root, as is clear from the 
geometrical argument used in the previous paper.® 


(5) EXAMPLES 
The methods described in the last Section were used to derive 
the following results for some typical single-loop control systems. 
The values of jz, have already been given in the previous paper,°® 
but are included here for convenience: 


System (a). 
The dynamic loop elements are one large simple lag 7, and 
one small simple lag T>. Loop gain is given by 


Me = 4((G/T) — 2+ (ITD) (23) 
The settling time-constant is given by 
Tso = 2[C1/T>) Ge (1/T)]-! (24) 
System (b). 
One large simple lag 7,, and s small simple lags, each of 
value 7): 
T, T> 1] Sd 
ee ase 1+ - ; 25 
me a (I- F/(+ 2) @8) 
1 1 1 ‘ 
oe (1 | SiGe ss 7) > 
System (c). 


One integrator, with rate of integration p, and one pure delay 
(or distance-velocity lag) of value 77: 


= 1/(€T,) * 


ie 


(27) 
(28) 


The advantages and limitations of quasi-critical damping are 
demonstrated for this system in Fig. 2, which shows the response 
of the error following a step-change of input (this may be readily 
plotted from data provided by Kiipfmiiller,!3 who gives an 
extensive treatment of the present system). Three different 
adjustments of the system are illustrated: 


(i) p = 4p,, giving 7, = 1-887, 
(ii) p = p,, giving r, = 1-007; (i.e. quasi-critical damping) 
iii) p = 2p,, giving r, = 4°31T7, 

Examination of these graphs confirms that quasi-critical 
damping gives the quickest settling for small errors (i.e. less than 
E, = 0-055). On the other hand, the under-damped case (iii) 


‘gives the quickest settling for comparatively large errors (i.e. 
greater than FE, = 0-239), 


System (d). 


One large simple lag 7;, and several small simple lags 
T>, T3, ae) Tips 


Be & O°3)T a + Te (29) 
to within about +25%. 
To 2A S(Ty Ty 4+. + I) (30) 


to within about +33%. 

This last result is perhaps not obvious, but it may be derived 
by an argument similar to that used in the previous paper® for 
obtaining eqn. (29) above. 
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Fig. 2.—Responses of system (c), for three different adjustments ¢| 
loop integration rate, to a unit-step input applied at t = 0. 


The above results indicate that, for systems having only rez 
lags distributed round the loop and having a reasonably larg 
loop gain, the following conclusions may be drawn: the value a 
the minimum settling time-constant is of the order of the sum o 
the minor lags T, T;, .. . , T;, ie. of the effective “loop-delay” 
and is nearly independent of the major lag Tj, i.e. of the effectiv: 
“loop-integration-rate.”’ 


(6) CONCLUSIONS 


The time taken for any linear system to attenuate considerabh 
the error due to any sudden transient disturbance is dependen 
on only one system parameter, namely the settling time-constant 
This parameter is optimized, i.e. the quickest approach to com 
plete correction is obtained, when the system is adjusted to x 
quasi-critically damped (at least for a large class of contro 
systems). The adjustment for this condition is relatively simpl« 
to calculate, as is also the corresponding value of settling time: 
constant. 

This favourable property of quasi-critical damping reinforce: 
the argument for its use as a general design criterion of stability 
It is especially appropriate for certain types of control system (as 
listed in Section 1). 
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THE INTEGRAL-OF-ERROR-SQUARED CRITERION FOR SERVO MECHANISMS | 
By H. H. ROSENBROCK, B.Sc.(Eng.), Ph.D., Associate Member. 


(The paper was first received 15th January, and in revised form 18th March, 1955.) 


SUMMARY 


A graphical method is given for obtaining the integral of error- 
squared for a servo mechanism supplied with a given input signal, and 
the usefulness of this criterion is discussed. The servo mechanism is 
characterized by its open-loop response locus, and the input signal by 
its power spectrum. The method is extended to allow for noise at the 
input. 


(1) INTRODUCTION 
It has been suggested! that the integral of error-squared, 


foe) 


S= | €(t)dt (1) 
0 


would form a simple and convenient criterion of performance 
for a servo mechanism. Under certain conditions which are 
usually fulfilled S can be obtained from information about the 
error as a function of frequency; in fact,” 


= | |e(w)|*dw (2) 
0 


Moreover, for a linear system having an open-loop transfer 
function G(p) we have 

0, 
le(os)|2 = |0,(a»)|? 


[1 + G(w)|? 


where |6,(w)|? is proportional to the quadratic spectrum of the 
input. Thus the input signal may be characterized by its fre- 
quency spectrum alone, and in simple cases § can be evaluated 
analytically from eqns. (2) and (3). 

In those cases where S has been calculated, a step-function has 
often been used for the input 6;. It is then found that the system 
which gives the least value of S has too little damping to be 
satisfactory in practice. Westcott,? following Hall,! has suggested 
that this is because the criterion penalizes a system for failing to 
respond immediately after a step change of input, which the 
system is physically incapable of doing. This is equivalent to 
saying that a servo mechanism cannot respond to arbitrarily high 
frequencies, and should not be penalized for failing to do so. 
In place of S, Westcott suggests as a criterion W, where 


(3) 


W= | te*(t)dt . (4) 
0 


A graphical method will now be given by which S may be 
found for a given system supplied with a given input signal. 
The system may be characterized by its open-loop harmonic- 
response locus, and the input by its power spectrum. Some 
examples will be worked out, and then the argument against S 
as a criterion of performance will be re-examined. 


+ 
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(2) GRAPHICAL METHOD 
From eqns. (2) and (3) we have 


say Ova ; 
esc eee ai 


If now we plot y =|1 POO. mee H 
i 
© i 
against x= i lAi@) eda +. ee 
4 ) 

we have 


-[ _|9(e)|? 
[1 + G@)/ Coy” 


= TSN 


When the signal 0; has finite energy, wp) may be zero, and it 
convenient to use the dimensionless quantity P instead of | 


where 
* |0@)/? 
al T+ Gaye 
fi |0,(w)|2de» 
0 


In Figs. 3 and 4, P is given by the ratio of the area under t 
curve y = |1 + G|~2 to that under the line y=1. For su 
input signals as an infinitely-long step the integral (7) diverges } 
@ tends to zero, and the base-line of x is infinitely long, as | 
Figs. 5 and 6. 

The scale of x depends only on the power spectrum of t]| 
input and not on the properties of the servo mechanism. T| 
scale of y is invariable. Hence charts can easily be prepari 
either for a given input characterized by a measured spectrur 
or for inputs considered typical under given conditions. 

The value of |1 + G| is readily available from the open-lo< 
harmonic-response locus of the system, and is merely the distan 
from the locus to the point (—1, 0). The frequency response | 
the system need not be given analytically, but may be measure) 
The effect upon P of a change in the open-loop gain is particular 
easy to find, since it is only necessary to choose a new point 1 
be (—1, 0), change the scale of the response locus appropriatel: 
and plot the new values of |1 + G| against the same scale of : 

Besides giving the value of P (or §), the graphical methe 
indicates the frequencies at which the greatest contributions 1 
P (or S) arise. It therefore shows the frequencies at which a 
improvement of the system will be most profitable. 
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(3) EXAMPLES 


The servo mechanism which will be considered is that treated 
‘Westcott? and shown in Fig. 1. It consists of a Ward Leonard 


au 
ui 


AMPLIFIER [| 
AIN VARIABLE| _S 


— MONITORING FEEDBACK 


Fig. 1.—Servo system used as an example. 


driving an inertia load, the generator having a split field fed 
ferentially by a valve amplifier of adjustable gain. We have 
K, 


G(w) “O00. —oAT, +1) +0" 


(10) 


ere K, = K,K> = Velocity-error constant. 
K, = Amplifier output voltage per unit error angle, 
. volts/rad. 
K, = Velocity-constant of the motor, rad/sec/volt. 
T,, = Mechanical time-constant of the motor and its 
load, sec. 
T; = Time-constant of the generator field, sec. 


e shall put 7,, = 5sec and 7; = Isec, and shall treat K, 
the design parameter. Westcott has shown analytically that 
r a step-function input S is least for K, = 0-33, while W is 
ist for K, =0-21. This last setting gives a transient response 
1ich would be accepted as satisfactory on the basis of practical 
perience. 

The first example uses an input having a power spectrum 
oportional to e~*®, The form of the spectrum is shown in 
tye (i) of Fig. 2, with four scales (a), (6), (c) and (d), corre- 


1:0 
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06 


(a) 0 o5 +0 5) 20 25 
(b) 0 0-2 0-4 06 os 10 
(c) 0 1 0-2 0:3 0-4 05 
(a) 0 005 01 015 02 025 


Fig. 2.—Power spectrum of the input signal. 


Curve (i) shows the form of the assumed power spectrum, which is proportional 
e—kw, The four scales (a), (b), (c) and (d) are drawn respectively for k=2, 5, 10 


d 20. Curve (ii) gives kx where x = Speedos. The resonant frequency of the 
vo system is near w = 0-25, : 
\ 


onding respectively to k =2, 5, 10 and 20. Increase of k 
om k, to k, is equivalent in its effect on P to reducing all the 
ne-constants of the servo mechanism in the ratio k,/k. 
\ (3) 

urve (ii) of Fig. 2 shows kx, where x = [ ete, 

0 

Fig. 3 shows the error chart for an input having its power spec- 
im proportional to e~?® and curve (a) of Fig. 8 shows the 
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12 


10 


w 


Fig. 3.—Error chart for the system of Fig. 1 when the input signal has 
a power spectrum proportional to e 20, 


variation of P with K,. The criterion here calls for very high 
damping. Fig. 3 represents a case which is likely to occur only 
if the system is required to give a smoothed representation of 
the input.4 In such a case very high damping would, in fact, be 
used. Although the least value of P is nearly unity, Fig. 3 
shows that the low-frequency components of the input are 
accurately followed. 

Curve (5) of Fig. 8 is drawn for the input represented by 
scale (5) of Fig. 2. To the accuracy of drawing and measurement 
used, the minimum value of P has the same value as in the last 
example and occurs at the same value of K,. The only advantage 
derived from the increased relative value of the servo-mechanism 
resonant frequency seems to be a reduction in the penalty for 
using too large a value of K,. 


O15 O2 030° 


fe) 005 1 


Fig. 4.—Error chart for the system of Fig. 1 when the input signal has 
a power spectrum proportional to ¢~ 10, 


Fig. 4 and curve (c) of Fig. 8 show a more practical case. 
The servo-mechanism resonance is seen from scale (c) of Fig. 2 to 
lie above the frequencies carrying the greater part of the input 
energy. The criterion now calls for a value of K, of about 0-4, 
but shows that little penalty is incurred by using K, = 0-21 
in order to give a better margin of stability. The least value of 
P is about 0-64, which shows that the relative increase of the 
servo-mechanism resonant frequency has produced a great 
improvement in performance. The important parameter is no 
longer K,,, as it was in the two previous examples, but it is now the 
speed of response. 

Curve (d) of Fig. 8 shows conditions when the servo resonance 
is at a relatively high frequency. The criterion now calls for very 
light damping, but it will be shown later that the presence of 
noise in the input signal modifies this conclusion. 

Fig. 5 is drawn for a step-function input, and curve (e) of 
Fig. 8 shows the corresponding values of S. These values are 
calculated, and are shown to an arbitrary scale since the signal 
energy is now infinite. Fig. 6 and curve (f) of Fig. 8 correspond 
to an input proportional to 1+10e—*. The least value of S 
occurs for K, ~ 0°05. 
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w 
Fig. 5.—Error chart for the system of Fig. 1 when the input signal is a 
step-function. 
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Fig. 6.—Error chart for the system of Fig. 1 when the input signal is 
proportional to 1 + 10674. 


(4) EFFECT OF NOISE 


By an extension of the graphical method given in Section 2 we 
may take account of noise. If the signal 6; is applied to the 
input together with noise 6,;, the output consists of a signal 65 
together with noise fe The difference between the output and 


0; is 
(11) 


where € as before means 0; — 5. We therefore take as our 
criterion 


5 = Oy + Pig — 9; = — € + Pro 


i | 62(f)dt 
0 


s | [e(t) — 8,(t) Pat 
0 


co «OO (oe) 


= [ e%(f)dt + | 62,(t)dt — 2 | €(1)6,9(t)dt 
ST) 0 


0 


(12) 


We now suppose that 6; and 0,,; are representative samples of a 
statistically uniform signal and its accompanying noise. If then 
the noise is uncorrelated with the signal, and if the samples are 
sufficiently long, it is physically evident that the last integral in 
eqn. (12) will be negligible in comparison with the first two. This 
can be proved from the mathematical definition of correlation,? 
although the proof is not simple. 
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= 


Thus Diz +f 62,(t)dt | 
0 


aS Sak +I | qq(c0)|2een 
0 


=s+2] 
7 
0 


and we find the value of the last integral by plotting | 


ope G@) : 
is i + G@) 


2 


6, (@)G(@) 
iF omy” 


against 


x= | [0u(o)/Pdeo ts) a 
0 


co 
1 
As before it is convenient to divide throughout by | |0;(cw) | 2d 
thus obtaining md) | 
* (pico) G() 
1 + G@) 
PS 


2 my 
| dw | |6,(w)|2dw 
0 


4 
|0,(@)| doo 
0 

== P + N, Say >, chp eee ti -) ee 


| |0(w)|?dwo 
0 


The reason for writing N in the form given in eqn. (16) is that 
is then a product of two dimensionless ratios, one of areas ani 
one of energies, and no difficulty arises over scale factors, 
convenient value can be chosen for w,, e.g. that value whid} 
makes 


—_ 


oQ)] foo) A q 
[eater = [ [8¢aaPadn . . . ¢ 
0 ) 
Fig. 7 shows noise charts plotted from eqns. (14) and (15) f 


the system of Fig. 1 when white noise is applied to the inp 
The variation of N with K, is shown by curve (g) of Fig. 8, 


Fig. 7.—Noise chart for the system of Fig. 1 when white noise is appli 
to the input. 


scale of which is such that the noise energy in the band w = 
to w = 1 is equal to the energy in the signals for which P i 
shown in the same Figure. Curves (c,) and (cy) show respectiv 
the effect of adding 10% and 20% of N to curve (c), whic! 
relates to Fig. 4. Thus curve (c2), for example, shows the valu 
of Q for the system of Fig. 1 when the spectrum of the signal 

as shown by scale (c) of Fig. 2 and white noise is present with tht 
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Fig. 8.—Variation of P, S, N or QO with Ky. 
[he curves all relate to the system of Fig. 1 and show the following: 


(a) P for signal with power spectrum proportional to <—2®, 

(b) P for signal with power spectrum proportional to «—5®, 

(c) P for signal with power spectrum proportional to ¢—100, 

(d) P for signal with power spectrum proportional to ¢—290, 

(e) S for step-function input (scale arbitrary). 

(f) S for input proportional to 1 + 10e-? (scale arbitrary). 

(g) N for white noise at input having energy in the band » = 0 to w = 1 equal to 
that of the input signals for (a), (b), (c) or (d). 

¢1) QO for (c) with 10% of (g). 

c2) QO for (c) with 20% of (g). 

d,) QO for (d) with 10% of (g). 

dz) Q for (d) with 20% of (g). 

d3) Q for (d) with 200% of (g). 


mal and has the same energy in the band w = 0 to w = 5 as 
e total energy of the signal. Curves (d,), (d2) and (d;) of 
g. 8 show respectively the effects of adding 10, 20 and 200% 
N to curve (d). Curves (c;), (c2), (d,), (d,) and (d;) illustrate 
e fact that the presence of noise requires greater damping. 


(5) DISCUSSION OF THE EXAMPLES 


From Figs. 3 and 4 it is evident that the important factor in 
ciding the value of K, for minimum P is the amount of energy 
the signal at frequencies near the servo resonance. The 
iterion will require high damping if the servo resonance is 
ithin a frequency band where the input has appreciable energy. 
the servo resonance is not within such a band, the criterion 
lows lower damping than experience shows to be desirable. 
1e last result is not surprising, since by using P we ignore the 
ects of noise, and since the practical setting of a servo system 
ust allow for possible changes in the parameters, which with 
ry small damping might lead to instability. 
The transition from conditions which demand high damping 
those which allow light damping is more sudden than might 
expected, and it is accompanied by a sharp decrease in the 
ist value of P. This result may be a consequence of the par- 
ular choice of input signal spectrum. 
Returning to the criticisms which have been made of the integral 
error-squared as a performance criterion, we see from Fig. 5 
at, with a step-function input, the criterion allows light damping 
cause there is relatively little energy in the signal at the servo 
sonant frequency. The high-frequency region where G is 
gligible contributes to S a quantity which is nearly independent 
K,, and has little effect in locating the minimum of S. This is 
arly illustrated also in Fig. 6, where the system is penalized 
ore severely for its failure to respond to a sudden change of 
out, and yet the criterion requires greater damping owing to 
> greater energy in the signal near the servo resonant frequency. 
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It is shown in Appendix 10 that the use of W is equivalent to 
retaining S as the criterion but altering the input signal. The 
modified input has, in fact, a smaller proportion of the highest 
frequencies, but this is of secondary importance. A more 
important effect of the modification is to introduce into the input 
a component at each of the (complex) natural frequencies of 
the system. It is for this reason that the use of W leads to more 
highly damped systems than are obtained with S. 

There seems to be a confusion of purpose in applying S as a 
criterion with a step-function input. We ought probably to 
distinguish two sets of conditions which a servo mechanism must 
satisfy : 

(a) The system must be stable, and it must have a sufficient margin 
of stability to cover variations of the parameters which may occur 
when it is in service. The practical criteria of phase margin, maximum 
modulus, step-function response, etc., all relate to the margin of 
stability.* They can all be applied regardless of the signals which the 
servo mechanism will in fact be called on to follow. 

(6) The output must fit as closely as possible, according to some 
accepted performance criterion, to the input. The integral of error- 
squared is one of many possible measures of this closeness of fit. All 
such criteria will, in general, give results which depend on the character 
of the input signal and of any noise which may be present. All will be 
overridden if they suggest less damping than the stability criteria require. 

It may well be that, in many practical cases, the least value of 
Q occurs for rather less damping than is required by the stability 
criteria, but Q is little increased by the necessary increase of 
damping. This would explain why the stability criteria form a 
useful guide to the best practical setting. Thus it may be only 
in occasional cases that we need to use Q to fix the damping 
(Fig. 8). A performance criterion may, on the other hand, 
determine parameters about which the stability criteria give 
no information. It may also be useful in deciding whether a 
proposed alteration of the system is worth making, or in drawing 
up a specification of performance to be fulfilled by the servo 
mechanism when supplied with a given input. 

When it is used as a specification of performance, the restric- 
tion on P can be supplemented by limits on the contribution to P 
which may arise in given frequency bands. Testing an existing 
servo mechanism to see whether it conforms to such a specifica- 
tion requires only the measurement of the amplitude of error for 
harmonic inputs at appropriate frequencies. No measurements 
of phase are required. The use of Q for purposes of specification 
requires a little more care since, for a given input signal and 
given noise, there is an absolute minimum below which Q cannot 
be reduced. 


(6) APPLICATION TO PROCESS CONTROL 
The typical problem of a single-loop process-control system is 
shown in Fig. 9. Here A, B and C represent the fixed transfer 


eT) 842 


Fig. 9.—Process-control loop with disturbances, 
ABCF = G 


functions of parts of the process, F is the transfer function of the 
controller, 0, and 0, are- disturbances, and @;, the set value, 
remains constant and is therefore made equal to zero. There 
may be more than two disturbances such as 04, and Qj. The 
object is to reduce the output variations 6, and if these may 
be measured adequately by their mean-square value we may 
apply the graphical method already given. 


* The accepted numerical values used with these criteria may, of course, have some 
regard to performance under typical conditions, as well as to stability. 
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We first transfer all the disturbances to the output, obtaining a 
disturbance 9; which is equivalent to 0,,, Qj, etc., and can be 
calculated from them. It is likely, however, that 0, will be 
obtained by measurement, since it is equal to 6) when the feed- 
back loop is broken. Thus the quadratic spectrum of 6, can 
be obtained by measuring that of 0) when F = 0. 

When the loop is closed we have 


i O2(t)dt = a1 |Ao(w)| 2d (19) 
0 
|0q(w)|? 
-3[ [1 + G@)/? -- Geoye” oy. 
We therefore take as the criterion of performance 

ne Ga(w)|?_ 

|l + G@)| J, + Gwe 
(21) 


Rice |0,;(w)|2deo 
0 


which is similar in form to P, and may be found in the same 
way by plotting 


y = |1 + G@)|-? (22) 


against 53 | |0.,(w)|2deo (23) 
0 


We then have to minimize D by adjusting the parameters of F, 
confirming afterwards that the setting so obtained gives an 
adequate margin of stability or, if not, making the necessary 
changes. It will be noticed that this analysis corresponds to 
that given in Section 2 for a servo mechanism in the absence 
of noise. / 
(7) CONCLUSIONS 


The graphical method which has been given allows the integral 
of error-squared to be obtained without too much labour even 
for moderately complicated systems. It is suggested that when 
this integral is used as a performance criterion it should be 
evaluated for the type of input to which the system must respond 
(including noise, if this is appreciable) and that separate con- 
sideration should be given to the margin of stability. Under 
these conditions the evidence seems to indicate that the criterion 
will give results in accordance with practical judgment. 
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(10) APPENDIX 
We define W,[e(p)] = | Weidi-e ; |. Gagne 
(0) | 


where ¢,(t) is the error for an input g(t). Then we have? 


= 0” - \\} q 
W,, [g (p)] = (—)" lim Ey aoe-oar| * Vane C) 
o—+>0 0 | 


oF ue | 

= (—) line ee ( 
—joo 

. 


provided that the poles of ¢,(p) are all in the left-hand half-plai; 
Now a is initially real, but we may regard the integral in eqn. (| 
as defining a function F(o) of the complex variable co. Then {: 
o within a small region about the origin we can show’ that F(| 
is an analytic function with derivatives of all orders which m 
be found by differentiating under the sign of integration. 
follows that 


jo 
W,[s)] = (rtm || crete — pro] 
is 


jo 
= | <(P)<g"—P)dp Se Hiie. .: Sameetes 
Jo | ? 
=( i. <(—P4 eee ale 
1 1 
=); zal | [sen—P) + a(—Peprallee. CF 
Tal 
<7‘ Ms €,(—p)H@)dpxsayne ee). ssa 
1} <p) rep) i 
h == (=) | ae g 
where A(p) =( 5 2 ee) (é) 
But H(p) = H(—p), and we may therefore write 
H(p) = h(p)h(—p) i". 5: ).3p gehen 


where all the poles of h(p) are in the left-hand half-plane, provid: 
that ¢,(p) has no purely imaginary zeros. In general hpi 
has poles at the poles and zeros of «,(p)<,(—p). 


Then W,[¢(p)] = 


Ww 


jo 
im 4 e(p(p)e(—p)—p)dp . 
—jo 


= W[e@)k(p)| Bae eee 


The function h(p) will not generally be unique, as there will | 
some choice in the location of its zeros. 

It is evident from eqns. (32) and (33) that |g(@)h(w)| will | 
less than |g(w)| at very high frequencies, but that it may | 
considerably greater near the resonant frequency of the syster 


1¢ function g(p)h(p) has a pole at each complex natural fre- 
1ency of the system, and if there is a lightly-damped mode the 
ne-function corresponding to g(p)A(p) will be oscillatory with 
€ corresponding frequency. 

For example, if 


1 Dp 
A e's and ¢,(p) = ap eae ee (36) 


1] (yp) , &(—p) 

2D = =| 2 A 
_ {23 aa =4 
ow + p(w — p) 


~ PF wp F Ap? — wp Fw) ie 
; — @+p)/w 
Ls we may take h(p) = peste oe (38) 
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w — p/w 
ra 


The time-function corresponding to g(p)A(p) is then 
_et/2 V/GB3)wt 1 on ol (40) 


or h(p) = 


cos 


1 
ol acy 2 V3 


1 _et/2 pele 4/(3)wt 
or mae —e + /3 sin YS )| . 4D 


Thus for the system of this example the value of W = W, for a 
unit step-function input is the same as S = W, when the input 
is given by eqn. (40) or (41). By using the standard forms given 
in Reference 3 it is easy to verify this result, and the common 
value of W and S is found to be 1/2w2. 


DISCUSSION ON 
“THE MANCHESTER-KIRK O’SHOTTS TELEVISION RADIO-RELAY SYSTEM?’’* 


WESTERN CENTRE, AT CARDIFF, 1ST NOVEMBER, 1954 
SOUTHERN CENTRE, AT PORTSMOUTH, 9TH MARCH, 1955 


Mr. J. S. Whyte (at Cardiff): On the T.D.2 relay system 
erating in the United States the required amplification at 
per-frequency is provided by triodes operating between 
itable resonant cavities; the output amplifier has a gain of 18dB 
1en the output power is 0:5 watt. This arrangement has the 
vantage that an h.t. supply of only a few hundred volts is 
quired compared with the 3kV stabilized supply demanded 
‘the travelling-wave-valve amplifier and some 60 watts of power 
juired by its focusing coil. What are the authors’ views on 
e relative merits of the two methods? Is it not a fact that 
> inherent broad-band characteristic of the travelling-wave 
iplifier, so often quoted as a great advantage, is reduced to 
figure not greatly exceeding that of the T.D.2 amplifiers, by 
; input and output matching difficulties? Would the authors 
ve used the travelling-wave-valve amplifier if suitable triodes 
d been available in this country when the system was designed ? 
Is there a routine for checking the automatic-starting arrange- 
nts for the Diesel generators, and if so, how frequently do 
>y fail to start without necessarily interrupting traffic? 

Mr. G. D. Curtis (at Cardiff): It would appear that the use 
supervisory equipment for the location of faults in unattended 
ephone radio-relay stations emanates from the desire to reduce 
> maintenance manpower required at such stations. 

[ assume that selected maintenance men in the area are called 
t in the event of a fault on such a relay station. In view of 
> complexity and additional fault liability incurred by the use 
supervisory fault detection, has there in practice been any 
ing in the cost of running such stations, or does the interest 
the capital cost of the supervisory equipment plus its deprecia- 
n total more than the calculated cost of manning such stations 
ring working hours? 

[he authors have stated that the group-delay/frequency 
iracteristics of the radio system vary with frequency from 
oroximately 50 to 90millimicrosec. I assume that this delay 
Ws up as a phase displacement varying with frequency. 
Would the authors give a comparison between the group-delay 
iracteristics of a radio system and those which one would expect 
en using coaxial cable? 

vir. W. P. Warren (at Cardiff): Could the authors give some 


Dawson, G., HALL, L. L., HopGson, K. G., Meers, R. A., and MERRIMAN, 
\. H.: Pa er No 1623 R January, 1954 (see 101, Part I, p. 93). 


indication of the electrical loading of the repeater stations used 
on the Manchester—Kirk o’Shotts radio-relay system, together 
with some indication of the relative efficiency? I recall that a 
load of approximately 200-300kW is required by a terminal 
station such as Wenvoe for an output power of only 60kW. 

Is the requirement for standby supplies met at the repeater 
stations by two alternative Grid sources of supply, or by a standby 
generator? If standby generators are used, do the Post Office 
use the type of equipment which is at present on the market and 
in which a synchronous machine having a large flywheel is 
normally connected to the supply and is running continuously 
thereby under normal Grid supply conditions providing a measure 
of power-factor improvement? On disconnection of the normal 
supply the inertia of the flywheel allows the machine to operate 
as a generator until the standby Diesel plant is run up to 
speed. 

The authors have referred to the automatic operation of the 
repeater stations, and I should be interested to have further 
information on the method of remote control and indication. 
Is control by d.c. impulses or by voice-frequency impulses? 
Are the pilots contained in a cable used solely for this purpose, 
or are they routed through normal Post Office exchange and 
repeater circuits? If the latter is the case, have the B.B.C. 
experienced any outages owing to interruption of the control- 
circuit pilots ? 

The authors indicate that if microwave working were also used 
for telephony circuits a spacing of 47 miles (the longest hop on 
the Manchester-Kirk o’Shotts route) would probably be too 
long to avoid fading. If we assume that a distance of 30 miles 
would be reasonably satisfactory for a microwave system, and 
we compare this with the repeater spacing of approximately 
12 miles for normal multi-core cable carrier working, do the 
authors think that there would be considerable saving in capital 
with the adoption of the microwave system as against cable 
working? 

Mr. H. J. R. Townsend (at Cardiff): To what extent does the 
quality of the picture suffer owing to its being “bounced” from 
point to point along the length of the country? 

It is understood that, owing to the shortage of zinc, masts were 
aluminized and not galvanized. How is the aluminizing standing 
up to conditions of operation? 
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Mr. R. J. Harris (at Portsmouth): Could the authors give some 
idea of the life of a travelling-wave-valve amplifier? Could they 
also give some information on the desirability or necessity of 
using a sine-squared type of pulse for testing such links? 

Mr. J. R. Hardwick (at Portsmouth): What limit of angular 
deflection of the axes of the 10ft-diameter paraboloids, owing 
to the effect of windage on the structure of the supporting tower, 
can be accepted? 

Mr. R. Goford (at Portsmouth): We can now presumably look 
forward to the increased use of s.f. links in the Post Office tele- 
communication system, and for example, now that we have the 
Rowridge link we might expect to be able to beam a transmission 
from there to centres of population in the vicinity, i.e. Portsmouth, 
Ryde, Portsdown, Southampton, etc., and filter out appropriate 
channels. The foresight of the Television Advisory Committee 
in 1948 had made that a possibility by catering for transmission 
of frequencies over a wide band. 

J would like to pay tribute to the training facilities which have 
proved adequate to produce good maintenance staff from the 
rather raw material available. I think the projects and techniques 
involved, and the obvious efforts of the contractors and the Post 
Office to teach the men inspire them to show their talents to the 
best advantage, and J doubt whether we have ever been seriously 
disappointed at the staff’s response despite the complexity and 
novelty of the work. 

Interference problems in the Portsmouth telephone area have 
changed with the introduction of the Rowridge station, and I 
suppose this will be a common experience in any area where a 
poor field strength and signal/noise ratio have been experienced 
prior to the opening of a new station. Complaints of inter- 
ference with television reception have fallen to about one-half 
of the previous number owing to the disappearance of fringe-area 
interference and the fact that existing users are now becoming 
very satisfied with the improved quality of reception. New 
users have not yet become critical, and they never should while 
present quality is maintained. Interference with medium-wave 
radio reception, on the other hand, has risen to about twice its 
previous value; prevalent sources are television i.f. and line-time- 
base interference. In cases where several television sets are 
having an effect on one radio set we have found it worth while 
to install screened aerial lead and generally improve the aerial 
and earth system of the radio set rather than to pay primary 
attention to the radiation from the television sets. 

The Rowridge link has proved very reliable, and lost circuit 

time is very low indeed. 

“Mr. K. L. Rao (Undia; communicated): In Section 3.3 the 
authors state that, in order to minimize feeder losses, copper-weld 
waveguide is used for feeder runs. From the description of the 
system it appears that the feeder runs go up along the mast 
supporting the paraboloids at the top. No doubt the authors 
will be aware of the advances in technique made since the system 
was installed. Passive reflectors could be used with the para- 
boloids mounted at the base of the masts, and in many cases 
with advantage. A simple rearrangement may be necessary in 
the aerial and feeder arrangement. 

In the London discussion Mr. Faulkner asked whether the 
authors have considered other forms of aerial system which might 
lead to reduced wind loads and thus reduced cost of towers. 
The use of passive reflectors not only reduces wind-loading 
problems but also enables paraboloids of greater gains to be 
constructed in addition to reducing losses due to waveguide runs 
to antennas and minimizing associated problems of the main- 
tenance of aerial and feeder systems. 

Messrs. G.. Dawson, L. L. Hall, K. G. Hodgson, R. A. ;Meers 
and J. H. H. Merriman (in reply): The possibility of using a 
triode instead of the travelling-wave amplifier for amplification 
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at 4000 Me/s with a consequent reduction in the h.t. voltag, 
required in the equipment -was mentioned by one speaker. V 
understand that the gain-bandwidth product of the s.f. ‘riot 
is such that three valves would be required to provide the 18d) 
gain of a single travelling-wave amplifier, and that the circui) 
tuning procedure is more complicated. 

We are convinced that the travelling-wave amplifier has defini) 
advantages in terms of s.f. performance and ease of maintenan«| 
compared with the triode for this application. 

A minimum average life of 3000 hours was specified for a 
microwave valves, and this has been exceeded in every case. I 

ihe video- frequency/group- delay characteristic of the overa 


on coaxial-cable television links, 
No pilots are used on the landline or radio link for the cont | 
of the overall system, and no outage time on the link has 
caused by faults on the landline. The remote-control signallin), 
system is described in the paper. 
As stated by Mr. Warren, the average spacing of the s.|) 
repeaters is about 30 miles compared with about 12 miles fa} 
carrier cable and 6 miles for coaxial cable. It is not possible t}! 
give a general statement on the comparative capital costs of th 
different methods, as they differ considerably depending upo} 
the specific requirements of a project and the terrain it traverses 
In reply to Mr. Townsend, the overall performance require 
ments are based on the use of four systems in tandem withou 
introducing distortion in an amount which would be pr | 
to the viewer using a good-quality domestic receiver. Th 
performance figures achieved are given in the paper. | 
It is not possible to use the passive-reflector scheme suggeste 
by Mr. Rao if only two radio frequencies are used for a 2-wa! 
system, as the attenuation between the two directions of trans) 
mission at a repeater station would be too small. We doub 
whether the use of a reflector would reduce the wind-loadin; 
problems, since the reflector would need to be larger than thi 
paraboloid for the same ovérall gain. | 
Automatic-starting arrangements for the standby engin 
generators are subject to maintenance routine check month 
and to date only one failure to start on a mains-supply failun| 
has been noted. This occurrence was examined and found t 
be due to a wholly incidental and non-engineering error. 

It is very likely that the continuously-running flywheel typ 
of standby generator may be used on future systems. i 
In any discussion of the respective merits and demerits 

staffed versus unattended operation and the related problem 
extent and complexity of supervisory or control equipment, | 
factors must be borne in mind. The first is that in this system 
—the first of its kind in the world—a deliberate policy of over 
generous supervisory-facility provision was adopted in order thai 
possible operational problems, whose real magnitude could no} 
be accurately gauged during planning, could be accommodated, 
The second is that, with a possible future tendency towards 
multi-channel operation on one route and the sharing betweer 
channels of supervisory services, the already favourable a 
position of unattended operation is enhanced. | 
Overall electrical efficiency of microwave systems discussed 
Mr. Warren is apt to be misleading. Station equipment loads 
upon the mains supply are of the order of 10kW. The total 
radiated power is of the order of 2 watts. On the other hand, 
not only do the aerial systems used have a power gain of 40d B, 
but it might also be argued that electrical power is accepted 
from the mains supply at the supply frequency with a nomina 
zero bandwidth and converted into radio-frequency Dey er 
with a bandwidth of about 5 Me/s. Ig 
that overall efficiency is a significant factor may therefore be 
appreciated. 
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SUMMARY 


The paper describes circuits and techniques of measurement developed 
yr use in an electronic-analogue differential analyser running at high 
‘petition rates. The object has been to explore the upper limits to the 
yeed conveniently attainable in various basic operations. 

After a general description of the problem and the computer which 
as ultimately developed, these basic operations are treated in turn. 
recision methods have been developed for resetting and releasing 
\tegrators and altering the coefficients electronically at repetition 
ates up to 25 000 per second, making possible extremely rapid auto- 
latic search processes of trial and error. A multiplier on the “quarter 
juares” principle has been developed, using biased diodes to control 
1e feedback characteristic of an amplifier, giving an output which 
10ws negligible phase-shifts at 50 kc/s. 

Arbitrary functions are synthesized by approximation in diode- 
ontrolled networks. 

Essential to the efficient use of such high operating speeds has been 
1e development of projective multidimensional displays with an 
dequate frequency response. Three- and 4-dimensional systems 
sing resistive resolvers are described, and the principles and techniques 
eveloped for accurate measurement at high speeds are discussed 
) detail. 

The final Section describes measurements made on each of the 
asic units to evaluate their performance. 

It is concluded that the potential information capacity of electronic- 
nalogue computing methods is much higher than can be realized by 
onventional techniques producing single solutions on a 2-dimensional 
isplay. - With multi-dimensional displays and electronic programming, 
hundred- or even thousand-fold increase in information capacity is 
uite readily attainable with problems requiring systematic search 
rocesses for their solution. 


LIST OF PRINCIPAL SYMBOLS 
v, = Instantaneous _ input-grid voltage of basic 
amplifier A. 
v, = Instantaneous output voltage of basic ampli- 
fier A. 
a = Negative gain of basic amplifier A. 
v, = Instantaneous input voltage to operating unit. 
$1, 2, 3 = Current/voltage functions of input elements 
P,, Po, P3. 
% = Voltage/current function of feedback element Q. 
ip = Feedback current. 
ij, 2, 3 = Current in input elements P, » ,. 
Vy, Vy = Control voltages operating diode switch. 
R, = Resistance between input grid and earth line. 
Ry = Feedback resistance. 
8m = Transconductance of amplifier A. 
w Vx Vy, V, = Input voltages to 4-dimensional display (w is 
_ normally the dependent variable). 
Vi, Vi, V;, = Input voltages to 3-dimensional display (w’ is 
’~ normally the dependent variable). 
V;, Vi; = Output voltages of 3-dimensional display 
' (w” is normally vertical). 
V;’ = Depth-co-ordinate output of 4-dimensional 
display. 


Dr. MacKay is in the Wheatstone Physics Laboratory, King’s College, University 
f London. 
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V;,’ = Depth-co-ordinate output of 3-dimensional 
display. 
a, B, y = Rotation-angles in 4-dimensional display. 
6,6 = Angles of azimuth and elevation in 3- 
dimensional display. 


(1) INTRODUCTION 

Towards the end of the 1939-45 War, electronic-analogue 
computing techniques had reached an advanced stage of develop- 
ment for various military purposes. Their limited accuracy and 
restricted range of application, however, combined to support a 
growing opinion that the possibilities of such methods had been 
virtually exhausted and that they were destined to obsolescence 
by the advent of high-speed digital techniques. 

The paper reports some of the results of a programme initiated 
in 1946 from a different aspect.* From a consideration of the 
current analogue techniques it was evident that great improve- 
ment in accuracy could not be expected, and that analogue 
differential analysers—like their prototype, the slide-rule—could 
hope to find applications only to those problems whose data 
were known or whose solutions were required to a comparable 
accuracy, say of the order of 1%. 

But as the majority of physical problems belong to this range, 
at least in their exploratory stages, and as the theory of scientific 
information! (not to be confused with communication theory) 
suggested that an intelligent exchange of accuracy for speed was 
generally possible with a gain of informational capacity, it seemed 
not unprofitable to inquire how far the technique was, in fact, 
from the limits to performance set by physical necessity. Granted 
that accuracy could not be much improved, how far was it 
possible to increase speed without impairing accuracy to an 
unacceptable extent? 

A high speed of operation would usually be of little value 
unless the operator were able to follow the activity of the instru- 
ment at speed. The goal of increased speed thus presented two 
main problems, the maintenance of adequate accuracy and the 
devising of adequate means of display. In the following Section 
the main elements of a computer developed as a result of this 
programme are briefly described. The remainder of the paper 
deals in more detail with some of the novel features embodied 
in its design. 

(2) GENERAL DESCRIPTION 

The computer is essentially a general-purpose differential 
analyser designed for cyclic operation at a variable solution rate 
with an upper limit of 25 000 solutions per second. It is con- 
trolled by a conventional crystal clock which provides four 
principal outputs: 

(a) Main switching signals for cyclically releasing and resetting 
integrators and other units at the required rate, variable in binary 
steps between (25 000 ~ 25) and 25 000 per second. 

(b) Pulse-trains for calibrating the time-axis at intervals from 10 to 
80 microsec. 

(c) A binary group of subsidiary switching signals for auto- 
matically changing the coefficients of an equation in the interval 
between successive solutions. 


(d) A master time-base generator. 


* Described more fully in the author’s Ph.D. thesis, University of London, 1950, 
entitled; “‘The Application of Electronic Principles to the Solution of Differential 
‘Equations in Physics.” 
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The computer is constructed on the unit principle. A set of 
identical general-purpose amplifiers provide a basis for all linear 
operations such as addition, integration and the like, being wired 
into circuit as each problem demands. 

A set of general-purpose diode switching units driven by the 
main switching signals from the clock can be connected to any 
circuit which requires resetting to prescribed initial conditions 
before the start of each computing cycle. 

Two coefficient-changing units controlled by the subsidiary 
switching signals from the clock can provide 32 x 32 successive 
combinations of any two chosen coefficients or parameters in an 
equation, so that 1 024 different trial solutions can be obtained 
before the system repeats itself. 

A set of multiplying units capable of forming the instantaneous 
product of two rapidly-varying voltages make non-linear 
operations possible. 

High-speed function generators driven by the clock provide 
the equivalent of an “input table’ by means of which graphical 
data can be supplied at speed to the computer. The subsidiary 
switching signals already mentioned may be used to change the 
form of successive input-functions so generated, if required. 

A multi-dimensional cathode-ray tube display capable of 
unambiguously depicting functions of two or three independent 
variables enables the order and form of successive solutions to 
be distinguished. 

Specially designed measuring equipment, making use of 
null-observations wherever possible, is provided for use in setting 
up problems and for reading off information from the display. 


(3) LINEAR OPERATING UNITS 
(3.1) Amplifiers 
The basic amplifier circuit (Fig. 1) comprises a single pentode, 
V,, d.c. coupled to a cathode-follower, V2, from which cathode- 


—E a) 


Fig. 1.—Basic amplifier circuit. 


to-cathode feedback is derived through a preset control, RV}. 
This enables the effective gain of the circuit to approach infinity 
under normal conditions. Frequency compensation in the 
network Rp, Cp, Rc, Ce keeps the gain substantially constant 
from zero to several hundred kilocycles per second. 


(3.2) Linear Operations 


The well-known principle on which linear operations such as 
addition and integration are carried out is illustrated in Fig. 2. 
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Fig. 


2.—Typical operating unit with several inputs. 


An amplifier A, of the type shown in Fig. 1, has an element ¢ 
connected between its input and output, and is linked to voltage| 
V1, V2, V3 by P,, Po, P3. Since A is sign-reversing, it will tend t(| 
exert negative feedback via Q to maintain v, at a small value| 
If the gain of A is —a, then v, = — v,/a. Now if the curren) 
i, in P, is a function $,(?, — v,) of the voltage across it, and i 
the voltage (v, — v,) across Q is a function Bir) of the curren! 
through it, it may readily be seen that 
| 
Up — Vo = Wi, + ip + iy) | 

= P[P1(%1 — %) + pale. — %) + $3(%3 — %)] li 


or 
Vo mle [a/(a F )IY[Pi@, ot; CA) i 

+ da(vz + v/a) + $3(%3 + ¥,/a)] - (L | 
When a > 1 and ¢ and the ¢’s are linear operators, eqn. a) 


becomes t 


— [$b,0) + odo) + od]. - - 


For example, if P, were an inductance L,, P, a resistance R>, 
P; a capacitance C3, and Q a resistance Ry, eqn. (2) woul 
become 


v, = — [(R IL) | vidt + (Ry[Rye, + R,C,dV3[d] . | 


| 
Where P;, P2 and P; are resistances R,/a,, Ry/a, and R,/a3, 
eqn. (2) becomes 


UG em [a,% + AxV2 + a3v3] ta ES (4 


To maintain accuracy at high frequencies it is often worth whil 
in this case to shunt all resistances with small capacitances 0: 
proportionate reactance. 


(3.3) Integration and Resetting 


The most convenient integrator comprises a circuit of the 
type shown in Fig. 2 with P, a resistance R, and Q a capacitance C. 
Then (if P2 and P; are omitted) 


v9 = — (URC) | mdt an 


The principal problem is then to devise a method of discharging 
C at the end of each computing cycle and releasing the circuit 
with prescribed initial conditions at the beginning of the next 
cycle. To avoid loading the input circuit with the cathode- 
heater capacitance of diodes, the circuit shown in Fig. 3 was 
developed. D, and D, are normally held open by a positive 
voltage, Vy, applied to Ry. When C is required to be discharged, 
the input Vy is reversed in polarity, and a positive voltage, Vy, 
is applied to R,. This voltage is large enough to bring the 
output v, down to zero from its maximum possible positive value 
before the end of the resetting period. Thus even under the 
worst conditions there is a point at which D, and D, both 
conduct, and the input and output of A are thereafter held 
automatically at the same potential until the voltage Vy i 


i 


Neutralizing signal 


Fig. 3.—Integrator with diode-controlled resetting circuit. 
A single neutralizing amplifier A’ does duty for all integrators. 

| 
eversed in polarity, and Vy is once again reduced to zero, to 
tart a fresh cycle. 
'The self-capacitance of D, tends normally to transfer an 
ippreciable fraction of the switching voltage Vy to the input of 
A. To obviate this the cathode voltage of D, is inverted in a 
ign-reversing amplifier A’ and fed back through a neutralizing 
apacitance Cy. A single amplifier A’ supplied with a typical 
nput serves to provide the neutralizing signal for all diode- 
witches. Its gain is —1/4, so that Cy can have four times the 
elf-capacitance of D, and hence be mechanically robust. 

Diode switches are assembled in units complete with neutraliz- 
ng capacitors and other components, and are wired to the input 
und output of standard amplifiers to convert them to integrators 
is required. 


(3.4) Coefficient-Switching Units 


The basic principle of the automatic coefficient switches is 
Shown in Fig. 44. S,_5 are diode switches of the type shown 


Fig. 44.—Basic circuit of coefficient switching unit. 


n Fig. 48, and the network R,_, is so designed that the proportion 
»f V; passed to the input of the amplifier A when S, is closed is 
roportional to 2/. Thus the 2° possible combinations of S,_; 
rovide 32 equal steps in gain. RV, makes it possible to adjust 
he magnitude of these steps, and RV, in conjunction with R, 
yrovides a means of adjusting the minimum value of overall gain. 
The feedback element Q may be a resistance if only a variable- 
rain amplifier is required, or a capacitance (plus diode-switch) 
f an integrator is required with a swept time-constant of 
ntegration. 
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+50V —25V 
ON. +50V 


Fig. 48.—Detail of typical diode switch shown in Fig. 4a. 


RY, and RV, are connected in the positions shown rather 
than at the input or output terminals, to take advantage of the 
low impedance of the virtual earth at the input of A. This means 
that low-impedance potentiometers may be used to minimize 
phase-shift without the disadvantages of presenting a low input 
impedance to the preceding unit or of placing a heavy load on 
the output stage. It is easily shown? that the effect of a shunt 
impedance R, at the input of A is to raise the output impedance 
only by an amount Ryle nRg, where g,, is the transconductance 
of A. 

The diode switch shown in Fig. 48 was devised in order to 
maintain a low output impedance under all conditions and to 
minimize the effects of self-capacitance and voltage drop in the 
diodes. Germanium rectifiers were used, driven by push-pull 
switching pulses alternating between +50 and —25 volts. 
Steady current flows through R;. Under one condition, D, and 
Dy, are rendered non-conducting by a negative voltage applied 
to Ry, while D, and D, conduct and bring the output V; to the 
same potential as V,;. Under the other condition, D, and D, 
are rendered non-conducting by reversal of the voltage applied 
to R,, while D, and D, conduct and bring the output to earth 
potential. Thus under all conditions the dynamic output 
impedance is only the forward resistance of two diodes in series, 
so that any unwanted signals transferred by stray capacitance 
are strongly attenuated. 

At the same time, if the diodes are similar, the net voltage 
drop between the output and the operative input is zero, 


(4) MULTIPLICATION 

The high speed at which the computer was required to function 
demanded a higher frequency-response than could be provided 
by the electrodynamic multiplier (using crossed electric and 
magnetic fields in a cathode-ray tube) devised earlier.2,4 The 
method finally adopted was based on the well-known principle 
of “quarter squares,’’ whereby the product xy is obtained as the 
difference between 4(x + y)? and (x — y)?. 

To synthesize a square-law characteristic in an amplifier, the 
method shown in Fig. 5 was devised. A series of diodes, D,—Do, 
biased at different levels, control the effective transconductance 
of the feedback path of the sign-reversing amplifier A in such 
a manner that the gain varies linearly with the input current i;. 

The use of biased diodes to control the feedback path, rather 
than simply to synthesize a non-linear impedance in the input 
citcuit,> has the advantage that a low impedance-level, and hence 
a short time-constant, can be maintained in the diode network 
without entailing a low input-impedance and a heavy (and 
variable) load on the preceding stage. It also makes it easy to 
compensate to a large extent for the self-capacitance of the 
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Fig. 5.—Basic circuit of square-law amplifier. 


diodes by means of small trimmers across each of the feedback 
resistances. 

No attempt was made to synthesize a symmetrical parabolic 
characteristic. The complete multiplier is shown schematically 
in Fig. 6, where it will be seen that the need for symmetrical 


Re Diode net 


Diode net 


V3 
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therefore proportional only to 4c,xy. The constant c, is con 
trolled by the voltage v, supplied to Rz and Rg. As is constructe¢ 

on the lines of a general-purpose amplifier, so that, for example 

the integral of the product xy can be obtained directly if requirec 

by the use of a capacitor with a diode switch unit as the feedback 

element Q instead of a resistor. 


(5) FUNCTION GENERATION 


To generate functions with frequency components up to a 
few kilocycles per second, the photo-electric curve-follower®” is} 
adequate. For higher-speed work, however, a general-purpose}: 
function synthesizer was built, comprising a set of standard) 
amplifiers and a set of germanium diodes and adjustable bias | 
supplies. 

By applying a standard sawtooth sa op to the set of! 
biased diodes, discontinuities of voltage gradient can be obtained | 
at any point along the time axis, and integrated as many times 
as required before combination in an adding circuit to form the 
required waveform. A simple example is shown in Figs. 7A | 
and 7B, by which a “potential well,”’ defined by 


6. ee 
y = — V (constant) ae 
x= 
an ee ARES 
= b(x — a) V ae | 


is synthesized with the help of a single diode and integrator. 


Fig. 6.—Block diagram of multiplier using two square-law amplifiers, Az and A3. 


characteristics is obviated by adding a constant input to each 
square-law amplifier and subtracting a suitable fraction of one 
input from the output. 

The outputs of the non-linear amplifiers A, and A; are of the 
form 
= CY ey) 


V3 = —¢(x + y+ ce) 


respectively, the sign of y being reversed in Aj. 

The sign of v3 is reversed in Ay, so that the input current to 
A; through R,, and Ry, is proportional to (4c,xy + 4c ;cy). 
R,; is adjusted so that R,3/R,. = 4c,c2 and the term 4c,c)y in 
the input to A; from R,, and Ry, is thus cancelled by the input 
from R,3. The total current in the feedback element of A; is 


UV = 


and 


(6) DISPLAY 
The projective principle®»? on which the 3-dimensional display — 
is based is now well known, and the block diagram of the trans- 
formation unit is shown in Fig. 8. Potentiometer Pp is a ganged 
sine-cosine unit which, via the adding amplifiers A,, A, Ag 
provides output voltages f 


V;.cos 86 — V;, sin @ 


Vy = 
Vi, = —[V;,sin 8 + Vj, cos 6] 


representing the projection of the vector (x’, y’) on a pair of 
axes rotated through an angle @ about the w’ axis, where V’, and 
VY are the voltages representing the two basal co-ordinates of — 
the display and w’ is the third variable. V/,’ is applied directly 


Tee D 
Sawtooth 


)a push-pull d.c.-coupled amplifier feeding the X-plates of the 
ithode-ray tube. V; supplies one input to a second ganged 
ne-cosine potentiometer Py, which receives also the voltage 
» representing the third co-ordinate. 


P, in the same manner provides output voltages 
Vi, = —[Vi,cos $ + V;’ sin 4] 
Vv,’ = —[V,, sin d — V; cos ¢] 


presenting the projection of the vector (w’, y’’) on axes rotated 
ough an angle ¢ about the x” axis. V‘/ supplies a second 
. amplifier feeding the Y-plates of the cathode-ray tube. 
, and P, thus enable the display to be rotated in azimuth and 
evation respectively. V;,’’ is proportional to the depth of the 
dint depicted by the co-ordinates (w", x’) and is used optionally 
) modulate the grid and/or the final-anode voltage of the 
ithode-ray tube, so as to add perspective by making the nearer 
ortions of the picture brighter and/or larger. 
A simple extension of this principle was devised to enable 
dimensional subjects to be displayed (Fig. 9). The projection 
om four dimensions to two is carried out in two stages, first 
om four to three, then from three to two as already described. 
Ithough this involves more controls than the minimum mathe- 
atically necessary to resolve ambiguity in the display, it seemed 
ie best way of aiding the intuitive perception of the resulting 
cture. 
'The vector represented by the four components (w, x, y and z) 
resolved in three steps by sine-cosine units, P,, Pg and P,, 
entical with those already described. The first rotates the 
iz) AXES through an angle « about the plane (v, x) giving 
mponents y’, z’, represented by voltages Vj, and V;. V, is 
nt to the three-dimensional display unit, while Vv, “and We 
e supplied to Pg. This rotates the (x, z’) axes through an 
igle 6 about ibe plane ()’, w), producing a component Ye 
hich goes to the 3-dimensional display, and an input V7’ for P,.. 
, enables the (w, z’’) axes to be rotated through an “angle y 
yout the plane (x’, y”), producing the third input V‘, for the 
dimensional display, together with a voltage V7"’ representing 
e depth co-ordinate (in the fourth dimension) of the point 
presented in the 3-dimensional projection by (w’, x’, y’). This 
tage V;’’ can conveniently be used for brightness modulation 
the display when V,,’’ is used to modulate the final-anode 
tage. 
The 3-dimensional projection is displayed in the usual manner 
id can be rotated by Pp and P, to enable its “solid”? form to be 
ypreciated, and to resolve ambiguities. It is worth while in 
any such applications to use a stereoscopic pair of cathode- 
i en adding small fractions of V,’’ (in opposite senses) to 
”” deflections of the two tubes. 8,9” 
‘The usefulness of such displays depends naturally on the 
nsity of detail. The 4-dimensional display in particular is 
eful chiefly when some form of strobing can be used to eliminate 
om the picture all solutions except those that are of interest, 
g. those satisfying given boundary conditions. In many cases 
delay of one solution-period may be inevitable, but this is 
ten acceptable. 
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| Fig. 7A.—Circuit used to generate the function shown in Fig. 7s. 


Fig. 78.—Typical potential function generated by the circuit shown 
in Fig. 7A, 


The parameters a, b and V are controlled by the voltages or potentiometer settings 
correspondingly marked in Fig. 7a. 


Fig. 8.—Basic circuit of 3-dimensional display. 


As an accessory for use when null-observations on the main 
display can give sufficient accuracy, the transformation unit has 
provision for rapidly and repeatedly transferring all four inputs 
to four variable metered voltages.2 The operation is performed 
by high-speed relays running at a sub-multiple of the solution 
rate, and results in the appearance in the display of a standard 
spot whose co-ordinates can be altered at will until the spot 


Perspective 
signals 


Fig. 9.—Block diagram of 4-dimensional display. 


Pp and Py represent the complete transformation units shown in Fig. 8. 


coincides with the point whose position is to be measured. The 
rotation controls are used to reveal any errors due to parallax, 
and when these have been corrected the required co-ordinates 
can be read directly on the corresponding voltmeters. 


(7) MEASURING EQUIPMENT 
(7.1) General Principles 


Since analogue computation is essentially the performance of 
an experiment, the principles and procedure adopted in the 
design of measuring equipment were those of physical experi- 
mentation. In particular it was decided that 


(a) The number of independent standards should be kept to a 
minimum. 

(b) Wherever possible, measurement should take the form of a 
comparison and null observation, enabling any distortion in the 
links following the comparison to be ignored. 

(c) Setting-up, or at least final adjustment, of coefficients and 
parameters should be carried out by measurements on the complete 
stages in situ. 


Measurement (and hence computing procedure) on these 
principles is not always as convenient as the reading of calibrated 
dials would be, but since the object was to explore the limits of 
techniques rather than to develop a desk computing instrument, 
questions of convenience were not much considered. 


(7.2) Sources of Error 


Sources of error in the operation of an analyser may be con- 
‘ veniently classified under three headings, namely 


(a) Systematic errors in the setting up of equations. 
(6) Systematic errors in the measurement of results. 
(c) Random errors. 


Under (a) are strictly included errors due to the fact that an 
element never precisely represents the operator for which it 
stands; this question has already been considered in Section 3. 
The chief errors which remain under (a) are those in setting up 
time-constants, coefficients and initial conditions when these 
are given. 

Under (6) are included errors of observation of amplitudes, 
time co-ordinates, initial and final conditions when these are 
“unknowns” and coefficients adjusted by trial and error. 

Under (c) come all errors which set a limit to the repeatability 
of results. 


(7.3) Measuring Unit 


In the analyser all measurements are referred to a Single 
calibrated attenuator in a central measuring unit designed to 
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minimize errors under these headings; the essential componeh 
are shown in Fig. 10. The attenuator P has cathode-follo 
input and output coupling when required. A nullindiesi 
amplifier A, supplies a cathode-ray tube CRT,, and a secon 
tube CRT, has both Y-plates available for direct comparisor 
when required. 


Y,0 
i P 
wn fE | 
Attenuator 4, | 
Out © ' 


Sign-reversing 
amplifier 
Out o 


Fig. 10.—Block diagram of central measuring unit. 


A universal time-base generator, TB,, supplies both tubes, 
and two auxiliary generators, TB, and TB;, can optionally be 
used to expand selected portions of the trace on either tube. 
A brightening-pulse amplifier enhances the brilliance of both 
tubes over the expanded portions of the trace and so identifies 
on one tube the portion shown expanded on the other. 


(7.4) Measuring Techniques 
(7.4.1) Gain. 


The essential components used to measure the gain of a nel 
work are shown in Fig. 11. Ry, and Ry, are matched resistors 
(see Fig. 10) supplied from the input and output of the network N. 
The standard sign-reversing amplifier A, shown in Fig. 10 
(gain = — 1) is used to invert one signal if both are of the same 
sign. The attenuator P is introduced into the lead carrying the 
larger signal, and is adjusted until, at balance, its attenuation 
equals the gain (or reciprocal gain) of the network. Since the 
gain is measured in situ, it is possible by observing the computer 
display to verify that the attachment of the measuring apparatus 
has caused no serious disturbance: Cathode-follower pro 
were constructed to minimize such risks, but have seldom 
found necessary. An obvious alternative is to set up the requi 
conditions with the measuring apparatus connected, and then 


aa | 


1 eal A) 
1 4) (if required 


Bally 


Fig. 11.—Method of measuring the gain of a network. 


leave a simple equivalent dummy load in place of the latter when 
it is disconnected. 

The input impedances used are all of 100 kilohms, to facilitate 
free interconnection of units, and small preset shunt capacitances 
of the order of 3 pF are liberally used to maintain accuracy up 
to high frequencies. The balance of R,C, and R;C; is readily 
checked by interchanging their inputs, and the gain of A, can 
then be checked using R, and R, to add its input and output. 
A step input having a rise time of less than 0-5 microsec is used 
for such tests. 


7.4.2) Voltage Gradients and Time-Constanus. 


The basic standard of time in the computer is the pulse 
calibrator mentioned in Section 2, which delivers 10-, 20-, 40- 
and 80-microsec pulses. These may be used to determine 
integrating time-constants directly, by observation of the time 
taken by the output of the integrator concerned to become equal 
‘and opposite) to a given steady input. 

Where two integrators are used in series the product of their 
time-constants can similarly be found by coupling the input of 
the first to the output of the second through the standard sign- 
reversing amplifier A, and measuring the period of the resulting 
simple-harmonic oscillation, which is 27 times the square root 
of the required product. 

For convenience, however, a substandard of time is incor- 
porated in the measuring unit. This comprises a 100-kilohm 
high-stability resistance chain R in conjunction with one of 
three silvered-mica capacitors C (selected by the switch S,, 
Fig. 10). 

Rates of change of voltage are measured by applying the 
signal voltage to the free terminal of C and balancing it by 
applying to R, via P, a standard voltage step of adjustable 
magnitude and opposite sign produced in the crystal clock. At 
balance, the rate of change of the unknown voltage is 1/RC times 
the height of the calibrated voltage step. 

In these switch positions a variable feedback resistor Ry 
effectively converts A, into a differentiating unit, in order to 
discriminate in favour of changes in voltage gradient, but its 
setting does not affect the null reading obtained. 

To measure integrator time-constants it is necessary only to 
supply R and C with the input and output of the integrator in the 
running analyser (Fig. 12), adjusting the attenuator P until the 
potential of the junction of R and C remains steady. If the 
attenuator must be set to a ratio 5 for balance, the time-constant 
of the integrator is RC/b. If the time-constant is greater than 
RC, P must be used in the lead to C instead of tu R. 

This method has the advantage that the effective time-constant 
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Fig. 12.— Method of measuring the time-constant . fan integrator. 


is measured at the operating frequencies, and that any error in 
integration is directly observed on CRT,. 


(7.4.3) Amplitude. 

A similar null method enables ordinates of waveforms to be 
measured by comparison with the standard voltage step. In 
linear operations the absolute magnitude of this step need not be 
known, provided that initial conditions are measured in the 
same units. 

Even in non-linear operations it is only the ratio between the 
ordinate concerned and the magnitude of the voltage standard in 
the non-linear element which is significant. The height of the 
standard step is accordingly adjusted to be a constant fraction 
of the voltage standard used for biasing the diodes in the multi- 
plier, and is checked periodically against a step voltage generated 
from the bias standard by a vibrator, as shown in Fig. 13. The 
system is thus almost entirely scale-free. 


+ 
Standard voltage 


Fig. 13.—Method of standardizing a voltage step. 


(7.4.4) Summary of Measuring Technique. 


(7.4.4.1) Setting Up. 


Irrespective of the accuracy of their component values, 
integrators can be set up to have specified time-constants within 
about 0:1% (the accuracy of the standards used in the central 
unit). Any systematic error (e.g. unwanted phase-shift) is 
detectable and can be measured or compensated for while the 
computer is running. 

Numerical coefficients can be set up or measured with the 
same accuracy, and phase-shift can be detected or compensated 
for. 

Initial rates of change of all outputs can be set up or measured 
in terms of the amplitude of a single standard voltage step. 


(7.4.4.2) Results. 

The same standard voltage step is used in the measurement of 
ordinates, and is itself set up against the reference voltage of the 
non-linear circuits, so that the system is scale-free. 
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Time co-ordinates are measured against crystal-controlled 
pulses, scale expansion being used to give more than adequate 
precision. 

Unknown initial conditions are measured as in setting up. 
Final conditions are normally measured at a definite calibration 
point on the time scale rather than at the end_of the solution 
period. They are most easily determined from the total effective 
amplitude of the inputs to an integrator rather than from the 
rate of change of output. The reference level of the input can be 
determined if the initial rate of change of output has been 
measured. 

The accuracy of trial-and-error measurements is ensured by 
using the facilities described in Section 3.4 for adjusting the 
mean value and steadily reducing the range of variation of a 
trial coefficient until the required single value has been selected. 
This eliminates any errors introduced in the- diode-switching 
system. 

The close control of operation afforded by this technique 
makes the above errors small compared with those of such weak 
links as multipliers, whose errors cannot be easily compensated. 
In the present analyser the errors introduced in multiplication 
justify the measurement of many variables directly from the 
display, with a corresponding increase in the speed of operation. 

Random errors due to supply-voltage ripple, valve noise and 
the like are in practice small compared with the systematic errors 
mentioned. 


(8) TESTS OF PERFORMANCE 
(8.1) Amplifiers 
(8.1.1) Gain. 

Without cathode-to-cathode feedback the amplifier shown in 
Fig. 1 was found to have a gain of 70 up to a half-value band- 
width of 750kc/s, with a capacitive load of the order of 
25 wuF. A by-pass capacitance of 0-001 wF across Rx raised 
the half-value bandwidth to some 14 Mc/s, but led to instability 
when the amplifier was used in an integrating circuit. 


(8.1.2) Phase-Shift. 

Supplied with 100-kilohm input and feedback resistors by- 
passed by trimmer capacitors of the order of 4 wyF, the amplifier 
showed no perceptible phase-shift when supplied with a 60-kc/s 
square wave, after adjustment of the trimmers. 


(8.1.3) Step Response. 


__ Its response to a step function under the same conditions was 
tested by subtracting its output from its input in the (carefully 
matched) mixing network R,, C, and R2, C, shown in Fig. 10. 
The residual error-voltage, with a 0:002-F capacitor in parallel 
with Ry, took the form of a spike of about 0:5% of the input 
in amplitude, with a duration of about 0-5 microsec. 

The time-constant of response to a step function in the absence 
of feedback was observed to be of the order of 1 microsec. 


(8.1.4) Stability. 

The direct output-voltage level was observed to change by 
+0:2, —0-1, 0, 0, and —0-2 volt in response to increases of 
10 volts in the A, B, C, D, E supply voltages respectively (Fig. 1), 
when 100-kilohm input and feedback resistors were used, the 
former being earthed. 


(8.1.5) Output Impedance. 


With a 100-kilohm feedback resistor and no input, the ampli- 
fier was found to have an output impedance of about 2 ohms, 
which is in good agreement with theory. 
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(8.1.6) Noise Level. . 


With 100-kilohm input and feedback resistors the noise levi 
for a bandwidth of 100 kc/s‘was of the order of 2mV. Vibratio 
was found to give rise to voltages of the order of 5 mV, but a 
these random error-signals are, in practice, too small to b 
troublesome on the display. 


(8.2) Coefficient-Switching Units 

As already noted, the performance of the diode switches doe 
not limit the accuracy of a final measurement, but tests wer 
made to ensure that residual signals due to the switching pulse 
should not produce visible artefacts in the display. 

With careful screening the output for zero input was reduce: 
to a series of pulses of the order of 100 mV in amplitude an 
Smicrosec in duration, together with stepwise changes of th« 
order of 5 mV. Since the coefficients are changed at the beginnin; 
of each resetting period (which is never less than 15 microsec it 
duration) these spurious effects are negligible. 


(8.3) Integrators 


The integrator circuit shown in Figs. 1 and 3 was tested fo1 
the effectiveness of compensation against break-through oi 
switching signals and cathode-to-cathode feedback. 


(8.3.1) Capacitive Compensation. 

With the input connected to earth and trimmer capacitor Cy 
out of circuit, the output contained as an error term a voltage 
step 130 mV in amplitude, owing to the self-capacitance of D. 
With Cy in circuit the error term could be reduced to a transient 
of some 20 mV lasting only 1:3 microsec. 


(8.3.2) Cathode-to-Cathode Feedback. 


When cathode-to-cathode feedback had been optimally 
adjusted, it was found that the grid voltage varied by only some 
5 mV in order to produce an output swing of 25 volts in each 
direction. With varying inputs a residual grid-voltage change is 
always present, in phase with the input. Its magnitude is deter- 
mined by the integrating resistance R and the (irreducible) 
resistive component of the virtual input impedance of A under 
feedback conditions. For typical sinusoidal inputs between 5 
and 100 kc/s it may vary between 5 and 30 mV peak-to-peak for 
an output of 15 volts, but since it is in phase with the input it 
introduces no error in the voltage across C, and its effects are 
not normally serious if the null methods described in Section 7.4.2 
are used to set up the equivalent time-constant. The error term 
could be subtracted from the output either by inserting a suitable 
small resistance in series with C or by normal neutralizing methods, 
if the accuracy of other operations warranted this. 

It should perhaps be said that, although optimal cathode-to- 
cathode feedback gives the amplifier A infinite (internal) gain, 
the presence of the heavy external feedback through C prevents 
any instability from arising from this cause, so long as C is 
regularly reset by the diode switch. It is possible to make the 
grid voltage (for a given output) reverse its sign, as Ry (Fig. 1) 
is reduced below the optimal value, without any sign of in- 
stability. The chief source of instability is in cumulative phase- 
shifts around the external loop at very high frequencies, par- 
ticularly in integrators, which can give trouble in this respect 
even in the absence of cathode-to-cathode feedback. 


(8.4) Multiplier 
(8.4.1) Square-Law Circuit. 


The accuracy of a typical square-law circuit may be gauged 
from Fig. 14, which shows the gain as a function of input voltage. 
The graph was obtained by supplying a linearly rising input and 
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ig. 14.—Oscillogram of gain versus input voltage for the square-law 
amplifier shown in Fig. 5. 


ifferentiating the output, and it indicates an accuracy in slope 
f the order of +24°%. Higher accuracy could evidently be 
ybtained by using more diodes or by reducing the voltage scale 
o as to profit more from the curvature of the diode characteristic. 
in alternative device for which provision was made, but which 
as not as yet been tried, would be to inject into the bias circuit 
high-frequency sawtooth signal just large enough to make the 
ransition zones of neighbouring diodes overlap, and high enough 
n frequency to make the transitions practically continuous on 
he normal time-scale. 

An indication of the frequency response is provided by Fig. 15, 
yhich shows the input/output characteristic drawn on a cathode- 
ay tube at 50kc/s. The fact that the trace is only slightly 


ig. 15.—Input/output characteristic of square-law amplifier at 50 kc/s. 
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thickened indicates the effectiveness of the phase-compensating 
trimmers shown in Fig. 5. 


(8.4.2) Overall Characteristics. 

The complete multiplier was tested by measuring the gain 
between one input terminal and the output, as a function of the 
(steady) voltage applied to the other input terminal. For steady 
inputs between +5 volts, the deviations from linearity of the 
gain/input characteristics were of the order of +1° of maximum 
gain. Over a range of input between +10 volts, the maximum 
error found was of the order of +2°% in each case. 

With one input earthed and the other supplied with +10 volts 
a.c., a zero-error signal of the order of +1% of full scale was 


(a) 


Fig. 16.—Three-dimensional display of a family of s.h.m. solutions. 


(a) Showing exponential increase in amplitude due to phase shift at high frequencies. 
(Total time-base = 40 microsec.) ; 
(6) Showing eifects of phase compensation. 
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observed at low frequencies, rising to +5% of full scale at 
50 ke/s. 

With a steady input of 10 volts to one terminal and +10 volts 
a.c. at 50kc/s to the other, the input/output characteristic 
showed negligible phase shift. 


(8.5) Computing Networks 


Two integrators and a coefficient-switching unit were set up 
to solve the s.h.m. equation 


d*y|dt2 + w2y = 0 


in order to test the performance of a simple network of units at 
high frequencies. It was found as predicted by theory4 that the 


Fig. 17.—Solutions of s.h.m. equation for varying values of w2. 


(a) Repetition rate of 1 562-5 solutibns per second. 


(6) Repetition rate of 12 500 solutions per second; calibration spots are 10microsec apart. 
(c) Side view of solutions shown in (6). 
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limited bandwidth of the sign-reversing amplifier in the switching” 
unit caused the amplitude of higher-frequency solutions to! 
increase exponentially with time. This is illustrated in Fi ig. 16(a), ! 
which shows the 3-dimensional display of 32 solutions for a | 
succession of values of w?. It seemed likely, however, that to. 
a first order the effect could be regarded as equivalent to that 
of a capacitance in parallel with the feedback resistance of the 
sign-reversing amplifier, and it seemed worth while to try a_ 
simple neutralizing scheme. The output of the amplifier was 
inverted in a further unit with a gain of —1/4, and fed back to. 
the input grid through a small trimming capacitance. 

An impression of the result may be gained from Fig. 16(d). 

Solutions which normally [Fig. 16(@)] would build up to. 


(6) 


saturation in a\few cycles can now be held constant in amplitude 
| within 1% at all frequencies up to 120 kc/s for a single setting 
of the neutralizing trimmer. 

Since the s.h.m. equation sets the most stringent test in this 
_Tespect, serious error from this cause would seem to be avoidable 
up to about 200kc/s. Above 200kc/s the compensation was 
not satisfactory, owing no doubt to the many other causes of 
phase-shift significantly operative at these frequencies. 


(8.6) Displays 

| Figs. 16(a) and 16(5) were taken with a recording camera 
from a small cathode-ray tube. A better indication of the 
performance of the display is given by Figs. 17 and 18, which 


Fig. 18.—Tesseract (4-dimensional “‘cube”) on 4-dimensional display. 


have been taken from the main 12in display tube. Fig. 17 
shows solutions of the s.h.m. equation for various values of w? 
at repetition rates of 1 562-5 per second and 12 500 per second 
respectively. In the first the calibrator pulses accentuate every 
second and fourth 10-microsec mark. In the second, identical 
pulses mark each interval of 10microsec. Fig. 17(c) shows a 
side view of the surface shown in Fig. 17(4). The calibration 
spots here can be seen to trace out isochronous curves of ampli- 
tude as a function of the third variable w?—a typical example of 
the new kind of facility offered by a multi-dimensional display. 
It will be seen that solutions are grouped in fours and eights on 
the display for ease of identification. 

Pictures on the 4-dimensional display are not readily under- 
stood unless the rotation controls can be used to resolve ambi- 
guities, but Fig. 18 shows one of the simplest subjects, the 
tesseract, or 4-dimensional analogue of the cube. From the 
photograph it is easily seen that from any point there are four 
basic directions in which to move. That these are orthogonal 
can be shown only by rotation of the subject; but if the fact is 
granted, Fig. 18 can be seen to illustrate other interesting features 
of 4-space, such as the existence of orthogonal pairs of planes 
which meet in only one point. The Figure was produced simply 
by supplying the four inputs of the display with four asychronous 
oscillatory signals. 
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(9) CONCLUSIONS 

The principal conclusion drawn from the work described is 
that a large reserve of information capacity has hitherto* been 
untapped by conventional electronic differential analysers. With 
the novel high-speed techniques described, something nearer to 
the theoretical limit for normal electronic components can be 
achieved. In linear problems involving only constant coefficients 
or parametric variables, it has been found that solutions con- 
taining frequency components up to 200 kc/s can be handled by 
suitably compensated operating units without undue difficulty. 

As to accuracy, compensated amplifiers have been found to 
introduce less than 0:1% distortion at frequencies up to 1 Mc/s 
or so. The simple integrators used have proved capable of an 
accuracy better than 0:2% at all frequencies up to 100 kc/s. 
The multiplier constructed had an accuracy of the order of 
+2% and introduces negligible phase-shift at frequencies up to 
50 kc/s. The effect of finite bandwidth in a complete system can 
be neutralized for frequencies up to 120 ke/s to within 1% in the 
case of the s.h.m. equation. 

Accordingly, it is concluded that, for linear problems involving 
only parametric variables, a solution rate of 124-25 kc/s may 
often be practicable. High-speed switching techniques developed 
for these rates have proved satisfactory, enabling the values of 
parameters to be altered and initial conditions reset within 
15microsec, up to 25000 times per second. At rates below 
10 000 per second an overall accuracy of the order of +4% or 
better is attainable in linear problems and +2$% in problems 
requiring the multiplication of variables. The evidence suggests 
that the latter figure could be considerably improved by the 
more generous use of diodes in the non-linear circuits.f 

The one hundred- to one thousand-fold increase in speed over 
conventional analysers attainable in this instrument has been 
made worth while by using multi-dimensional displays to make 
an adequate volume of information space accessible to the 
operator. The extension of the projective principle to the display 
of 4-dimensional data provides a new facility of which the 
possibilities are largely unexplored, but which has obvious 
applications to complex trial-and-error problems. 

Since improved performance has here been achieved more 
through the use of novel circuit techniques than by meticulous 
care in design, it is not felt that the limit of performance has 
been closely approached by the present equipment, and the 
performance figures quoted should be considered as stimulants 
rather than as standards. Probably not more than 10% of 
available information capacity is utilized by the apparatus in its 
present form. 

It appears in fact that analogue technique has more to offer. 
The programme here described has done little more than open 
up the possibilities. 
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DISCUSSION BEFORE THE MEASUREMENTS AND RADIO SECTIONS, 


Mr. D. J. Mynail: Function generation receives relatively little 
attention in the paper, and the method described as a higher- 
speed alternative to the photo-electric curve-follower cannot 
always be used as a substitute. When a network contains 
integrators, it may be arranged to generate a pre-assigned function 
of the variable identified with time, but it cannot do this for 
any other variable in the system. The photo-electric curve- 
follower does not have this limitation. Diode networks not 
containing integrators may be employed, of course, but it is 
then usually necessary to use a considerable number of diodes 
in order to approximate the desired function sufficiently closely. 
Further complications arise when the function contains maxima 
or minima. The paper may give the impression that function 
generation is simpler than it often turns out to be in fact. 

For basic amplifiers, I found it better to start with a relatively 
high gain (100000, as compared with the 70 quoted in the paper), 
even when increase of the gain by positive feedback was employed. 
With an initial basic gain of 100000 it is still desirable to use 
positive feedback to obtain the best performance from inte- 
grators, but one has the advantage that drifting of circuit con- 
ditions has far less effect on performance than when the bulk of 
the necessary gain is obtained by positive feedback. Further- 
more, a negative-feedback sign-reversing amplifier using a basic 
amplifier of high gain has, ipso facto, a wider frequency pass-band 
than one using a basic amplifier of low gain, and effects such as 
that shown in Fig. 16(@) are usually of negligible proportions, 
thus requiring no special adjustment of the amplifier such as the 
phase compensation described in the paper. 

A point worth noting with this type of computer is that it is 
extremely easy to find out what is happening in all parts of the 
circuit merely by connecting various points in turn to the display. 
This means that precise computation of all scale factors prior to 
set-up is unnecessary, since one can rapidly find out whether any 
element is over- or under-loaded and correct accordingly. 

There is no fundamental high-accuracy requirement with three- 
dimensional display (the chief function of which is to assist one 
to understand the significance of what is on the screen), and an 
entirely satisfactory practical simplification of the apparatus can 
be used when limitation of the angles of rotation is acceptable. 
This is effected by using linear potentiometers, in conjunction 
with sign-reversing amplifiers, appropriately connected to give 
approximate sines and cosines. The need for special sine-cosine 
potentiometers is thus avoided. 

Four-dimensional display is fascinating, but there is a con- 
siderable risk of including enough information on the display to 
give oneself mental indigestion. A possible field of use for 
4-dimensional display would be as an educational aid in the 
teaching of mathematics. 

Mr. E. H. Cooke-Yarborough: I am very glad that this work 
has been done, because I have thought for a long time that, in 
an ordinary analogue computer working in real time, valves 
working in circuits with time-ccnstants of many seconds Were 
not really earning their living. Indeed, the valves themselves 
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oscillating at a frequency of several megacycles per second. 

I thought at first that the author had also overcome one of the | 
biggest difficulties in analogue computers—d.c. drift—because his » 
computer goes through the whole process so quickly. However, 
it appears that d.c. drifts will not only displace the display 
bodily but will also change the shape of the picture by altering | 
the multiplying factors. It therefore seems that the circuits 
must not drift appreciably in the time taken to set them up, } 
interpret the picture and make the necessary measurements. 
Probably this computer is therefore not much less sensitive to 
d.c. drifts than an ordinary analogue computer working in 
real time. 

In this respect I note that Fig. 1 shows no provision for 
eliminating spurious direct voltages produced by variations in 
valves or component tolerances. If valves are selected at 
random and inserted into the circuit and a feedback resistor is 
connected from the output cathode back to the input grid, then, 
with no input signal, the input and output voltages will be equal 
but not necessarily zero. If the output is not zero for zero input | 
signal, difficulties will arise in the coefficient switching unit shown 
in Fig. 4(a@), in which resistors are switched between the amplifier | 
output point and earth. I presume, therefore, that the author 
has used some expedients which he has not mentioned to bring 
the output voltage of his amplifiers to zero for zero input signal. 

From Section 8.2 it would appear that the germanium-diode | 
switches introduce errors of the order of 5mV. This presumably _ 
represents the difference between the forward voltages of the two 
diodes in the switch. I am surprised that the performance is 
as good as this, for we have noticed differences of as much as 
4 volt between diodes. Does the author select his diodes to ° 
achieve these good results? 

If diode switches are as good as this, the author might be able 
to take this switching technique further. One of the things that 
make many analogue computers such large complex devices is 
the need to provide d.c. compensation in the amplifiers, which is 
usually done by use of electro-mechanical chopper amplifiers. 
Could not the germanium-diode switches be used in a similar 
way, probably providing a d.c. stability intermediate between 
that of an uncompensated d.c. amplifier and that of one com- 
pensated by the conventional chopper amplifier ? 

Regarding the multiplier, I am a little dubious about adding a 
large voltage to the input to make sure the resultant voltages 
never go negative, and then subtracting a large voltage after- 
wards. When small voltages are being handled by the multiplier, 
it appears that the obtaining of an accurate result depends upon 
an accurate measurement of a small difference between large 
voltages, and this may detract from the accuracy. 

Incidentally, there appears to be considerable difficulty in 
defining the accuracy of an analogue computer. The user is 
apt to think that the figure quoted is a guaranteed accuracy and 
that results can be expected to lie within the limits quoted. In 
practice, however, errors can easily become large, particularly if 
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ome quantity is small or becomes small in some part of the 
pmputation. It is safer, therefore, to regard the accuracy 
gures which may be quoted as representing the lower limit of 
ie likely errors rather than an upper limit. 
'Lt.-Cmdr. F. R. J. Spearman: Both this paper and another* 
ven recently before the Royal Aeronautical Society confirm 
ty belief that analogue computers have a big future in the 
omputing field. 

I have been mainly concerned with the slower real-time single- 
10t analogue computers, such as are used in aeronautical 
search, in which real time is used because real components 
an then be used in the system. One point which impresses me 
the great difference which there can be in the design of analogue- 
omputer components, even amongst those which might be con- 
dered to be standard. The positive-feedback amplifier described 
1 the paper is very different from the high-gain drift-corrected 
.c. amplifier of the type used in real-time analogue computing. 

It is this difference in the components that makes the develop- 
lent of a general-purpose computer very difficult. There is a 
al requirement for a general-purpose computer, but it is very 
ifficult to specify. Does the author consider his positive-feed- 
ack amplifier suitable for use in such computers, or would the 
rift be a major problem? Would it be possible to fit some type 
f drift corrector to his type of amplifier without either com- 
icating it unduly or causing any oscillation? 

A start is now being made in this country in producing com- 
ercially some items of analogue-computing equipment which 
ill meet the limited objective of simulating, either in real time 
- repetitively, events such as occur during the high-speed flight 
‘aircraft or guided missiles, either controlled automatically or 
7 human operator. The design of an amplifier with low drift 
id high gain over a wide bandwidth is one which would 
aterially assist the design of a general-purpose computer. 

The author’s efforts appear to have been devoted mainly to 
sveloping techniques for high-speed analogue computing, for 
hich he has contrived some very ingenious methods and circuits 
1d. also the means of presenting the results. In all these matters 
€ presentation of results is very important: one can use an 
alogue computer to produce so many results that there is no 
ne in which to analyse them, so there must be some means of 
esenting the results. However, to persuade others to use such 
juipment, it is necessary to show that the techniques developed 
n be usefully applied to a number of different problems. I do 
yt see this in the paper. The author has since given some 
amples on how to apply his computers to different types of 
oblem, and I should be grateful for further details of problems 

which he thinks they could be applied. 

Lastly, has the author attempted to assess whether such a 
mputer has sufficient uses to justify its design as a commercial 
strument for use either in industrial research or in any labora- 
ry which provides computing facilities? 

Mr. E. G. C. Burt: For the ‘“‘quarter squares’? multiplier the 
thor uses a pedestal voltage V. to ensure that the input to each 
uaring unit is always positive, whatever the size of the inputs 
and y. This involves subtracting a voltage proportional to y 
9m the output, and it also assumes that the two circuits are 
fficiently balanced to eliminate the square of the pedestal 
ltage which arises from each. Since V, must be greater than 
¢ arithmetical sum of the maximum values of x and y, the 
nge of voltage input to the squaring circuits is unnecessarily 
eat. JI am not convinced that anything is gained by this 
ocedure, since, although only two diode networks are used, 
> circuit requires five amplifiers. 

In an alternative arrangement which we use a good deal at the 
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Royal Aircraft Establishment, two symmetrical diode charac- 
teristics are provided, i.e. four diode units, but only three ampli- 
fiers are required. This gives the correctly signed product xy 
when x and y are unrestricted in sign. Either the positive or the 
negative product is selected by a switch, so that the multiplier 
includes its own sign-reversing element—a useful facility in an 
analogue computer. Either output is available at a low 
impedance. 

We use drift-corrected d.c. amplifiers with a large voltage 
swing (+50 volts), and accuracies of the order of 0-2% have 
been achieved. 

As the author points out, it is possible to obtain a time- 
dependent function of the product, such as the time integral, 
rather than the product itself, by suitably modifying the feedback 
element of the final amplifier. 

It seems to me that the non-linear function generator is useful 
oniy when the independent variable x is directly related to time. 
Non-linear systems involve non-linear functions of the dependent 
variables; the diode technique, as used in the multiplier, can be 
extended to include such functions even when they are not 
monotonic. In fact, at the R.A.E. we have used, and are 
using, such units to generate various kinds of functions; for 
example, to provide trigonometric functions for axis transforma- 
tion, and to simulate non-linearities arising in aerodynamic 
equations, where accuracy and speed of response are of great 
importance. 

Mr. K. W. Thwaites: The author has succeeded in showing 
that the development of analogue computing techniques is far 
from complete and that further work in this field will be amply 
repaid. The advantages peculiar to the analogue system are 
well known, particularly the ease with which problems may be 
set up without the need for long experience of programming, and, 
in certain applications, the speed of solution, which may con- 
siderably exceed that of an equivalent digital computer. 

The significant feature of the author’s work is his success in 
resetting integrators and the values of coefficients in the computer 
chain at high speed and at predetermined intervals. Could not 
this technique be carried further if, instead of changing coefficients 
in a predetermined order, the choice of coefficients could be 
determined by certain characteristics of the answer obtained 
from the previous computation? A very powerful weapon would 
then be available for the rapid solution of problems by the 
process of iteration. The fitting of mathematical functions to 
practical curves is an example of the type of problem which could 
be handled. 

I note that a positive feedback amplifier has been used as the 
fundamental unit of the computer, and previous speakers have 
already asked whether this is good enough in terms of d.c. 
stability. The paper describes this amplifier applied to adding 
circuits and integrating circuits, but not to a differentiating circuit. 
The latter case provides a more difficult condition for stability, 
since the phase margin is reduced in the presence of capacitive 
input and resistive feedback. Has the author achieved stability 
in this type of circuit while still maintaining a useful forward gain ? 

Does hysteresis of the condensers give rise to any trouble in 
the resetting cycle of the integrators, since the interval between 
resetting and integration must, in this application, be very short? 

Mr. C. A. A. Wass: The Royal Aircraft Establishment has a 
collection of analogue computers claimed to be the largest in 
Western Europe, all of which work substantially in one-to-one 
time. This is not because we are unaware of the attraction of 
doing things rapidly, but there are good reasons. For instance, 
one can include parts of a real system; we are interested in 
aeroplanes, and it is difficult to describe in mathematical terms 
the behaviour of the servo motor driving the rudder. We can 
remove the motor, and put it in the machine, and then subject. 
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it to input signals of a much more realistic kind than can be 
produced on the bench. 

There is another important aspect of one-to-one time scales: 
with all kinds of repetitive simulators—the kind which give a 
steady picture on a screen—the experiment is limited to rather 
brief stimuli. The author has used step functions throughout, 
and this is adequate for his purpose, but for many other purposes 
a step function is rather inappropriate. For example, we are 
interested in calculations about aeroplanes in flight; aeroplanes 
do many peculiar things, but they seldom do step functions. 
The manoeuvres are very often complicated functions of time, 
which become very difficult to simulate on an accelerated time 
scale. 

By using repetitive devices, there is a gain in apparent con- 
venience: one can turn a knob and watch things happening 
rapidly. For our kind of problem, however, this is not neces- 
sarily an advantage. We are interested in the kind of problem 
for which one-to-one time-scale computers can produce answers 
faster than digital machines by a ratio of something like 500 or 
possible 1000. 

I have one small point concerning the use of diodes. The 
author says that he devised an arrangement with biased diodes. 
I do not think he intended to suggest that he invented the diode 
technique, for the idea was comparatively well known before the 
date of any of his references. My attention was recently drawn 
to an American patent, according to which the germ of the idea 
of using a diode or even triode with bias on it to obtain various 
shapes was handled by the United States Patent Office in 1919. 

Professor C. Holt-Smith: In generating our solutions at a 
very rapid rate we are solving one problem but creating another 
and perhaps more difficult problem of how to handle the data 
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as they become available. We must be able to make use of the. 
information at the rate at which it is generated, otherwise we | 
are creating difficulties inside the computer for no profitable 
purpose. | 

If we generate information at the rate of 12500 times per 
second and generate perhaps 30 solutions on the display, we are 
generating a whole class of solutions in the order of a millisecond. 
If we are then to superimpose a thousand of them before we take 
action, we might equally have generated it once in a second, 
made the design problem very much easier, and taken a photo- 
graph. 

In order to justify the difficulties of making an analogue 
computer operate in 40 microsec, we must have a way of efficiently 
utilizing thousands of solutions per second, and this seems to be 
a very real and important problem that must be studied before 
we can take full advantage of the material\in the paper. 

Instr. Cmdr. D. K. McCleery: In Section 3.3 the author says 
that the diodes D, and D, (Fig. 3) are “normally held open by 
a positive voltage applied to R,.” I understood that when a 
valve was “open” it was passing current: a positive voltage 
applied to R, shuts down the valves (cathodes positive), according | 
to my way of thinking. In these pulse circuits “everything 
opens and shuts,” so I think it is important to avoid any 
ambiguity. It seems clear that the author is thinking of the 
analogy of a mechanical switch, not a valve, and I agree that an 
“open” switch should not pass current. The word “valve” is, 
of course, another analogy from mechanics, but the snag is that 
it works the other way, whether gases, fluids or electrons are 
passing through it. I suggest that the terms “off” and ‘“‘on” 
would resolve this ambiguity, and would apply equally to a 
mechanical or an electronic switch. 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Dr. D. M. MacKay (in reply): Mr. Mynall and Mr. Burt are 
right in emphasizing that integrators cannot be used in generating 
functions of variables other than time. But, as suggested in the 
original thesis (Reference 2), the same general-purpose unit 
can be used for stepwise approximation in such cases, and 
maxima and minima can be produced by subtracting part of the 
input from the output. The curvature of the diode characteristic 
fortunately reduces the number of elements required in making 
such approximations to smooth functions. 

I imagine that Mr. Mynall’s figure of 10> for basic gain repre- 
sents the gain of three cascaded stages. Since the overall gain 
-in a computing amplifier must be negative, this represents the 
next higher figure conveniently attainable; but in solutions of 
relatively low logon content, such as ours, the reduction in error 
so obtained would be negligible compared with other errors 
accepted in the system. 

I agree entirely about the risk of over-filling a 4-dimensional 
display. In almost all computing applications I. imagine that 
some form of selective “‘strobing”’ will be required to single out 
those portions of the picture which are of operational interest. 

It is true, as Mr. Cooke-Yarborough suggests, that operation 
at high speeds does not, eliminate all the effects of d.c. drift. It 
does, however, render negligible the fluctuations occurring during 
a single solution, which cannot normally be corrected or even 
spotted. Since we normally measure the operating conditions 
while, or immediately after, the required solution is on the screen, 
the chances of error due to drift are much smaller than if we 
relied on the stability of initial setting-up. We do in fact use 
chopper-type stabilizing circuits* when conditions demand it, 
supplying the corrective bias to the cathode of V, in Fig. 1. In 
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other units Rx is adjustable; but the normal measuring procedure 
(Section 7.4) determines input conditions irrespective of d.c. 
level, and even in the coefficient switching unit shown in Fig. 4(a) 
the initial conditions for any particular solution of the series of 
32 can be determined without error from this cause. 

The germanium diodes used in the circuit shown in Fig. 4(5) 
(types CG4C and CG6C) were not specially selected; R, and Ry 
are 47 kilohm resistors, so that our forward current is only 1 mA, 
and this may account for the small differences in forward voltage 
observed. It should also be remembered that the input from 
each switch in Fig. 4(a) is attenuated, so that the output steps 
observed are smaller than the discrepancies produced by S,_5. 

If the input, V., supplied to the multiplier (Fig. 6) is well 
stabilized, I do not think that our system need introduce much 
greater error than one using symmetrical parabolae. In both, 
we must tolerate the subtraction of large quantities to give small 
differences; the systems differ mainly in the regions of the (x, y) 
plane over which the error from this cause is significant. 

The concept of accuracy in a computer is potentially as 
ambiguous as that of noisiness in an amplifier. The user must 
recognize that the extent to which the apparatus corrupts the 
information supplied to it will depend on the efficiency with 
which he utilizes its information capacity. The “percentage of 
full-scale’’ in which accuracy normally is expressed is only a 
indication of this limiting capacity, as Mr. Cooke-Yarborough 
points out. 

In reply to Lt.-Cmdr. Spearman, I would recommend th 
addition of a drift corrector if the amplifier shown in Fig. 1 were 
to be used for real-time work or for any problem requiring run 
of the order of seconds in duration. It has no special immunit 
from drift. 

My paper was concerned with research into the limitations o 


‘echniques rather than with persuading others to use them. It 
might be most helpful to say first that such computers are not 
suitable for problems involving many independent variables or 
those requiring accuracies better than 0-1 per cent. They are 
at their best with ordinary non-linear differential equations of 
moderately high order, especially when a large number of rela- 
tively short exploratory solutions are required, and parameters 
or functional relationships have to be flexibly adjusted by trial 
and error. A good example is offered by eigenvalue problems 
in atomic physics, where one wants to see how the shape of a 
potential function affects the eigenvalues of energy. The rapid 
computation of system response under a wide variety of con- 
ditions offers another obvious field. It seems likely too that 
a computer of this sort could serve as a useful adjunct to a 
digital machine in many problems, saving time by indicating 
approximately the region within which the more accurate solu- 
tion should be sought. But I have not attempted to assess the 
possibilities in commercial terms. 

Mr. Burt, I think, is under a misapprehension. The range of 
input to the squaring circuits is no greater because v, is added 
to (x + y). The bias levels, moreover, are chosen so that the 
output of the squaring amplifier covers its full working range 
as (x + y) varies from maximum to minimum. 

| The two amplifiers A, and A3, of course, form part of the 
associated squaring circuits. Had we been prepared to tolerate 
the disadvantages of simple diode networks, this system would, 
like Mr. Burt’s, have required only three amplifiers. The use 
of extra feedback amplifiers in the squaring circuits to improve 
the high-frequency response has nothing to do with our avoidance 
of symmetrical characteristics; (the same improvement added 
to Mr. Burt’s system would bring his total number of amplifiers 
up to seven). It is most encouraging to learn that he has 
achieved such high accuracy. 

I share with Mr. Thwaites the vision of a self-programming 
analogue computer (discussed briefly in Reference 2). As soon 
as one tries to sketch the outlines of such a machine, however, 
the interrelation of the necéssary digital and analogue processes 
suggests as the logical conclusion a digital computer with built-in 
facilities for making analogue computations when required. 
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Between analogue and digital computing processes there is a 
clear and fundamental distinction, but there seems to be a wide 
field for the fruitful combination of these processes in the design 
of analytical engines. 

I have found no instability when using the positive-feedback 
amplifier in a differentiating circuit; but we do not normally use 
this arrangement because of its susceptibility to overloading by 
transients in the input. With the silvered-mica condensers used 
we have had no noticeable trouble from hysteresis. 

Mr. Wass correctly emphasizes that this computer is designed 
for problems other than the continuous simulation of aircraft 
in flight. We are not, however, restricted to step-function inputs, 
as Section 5 and References 6 and 7 indicate. 

The only novelty claimed for the square-law circuit shown in 
Fig. 5 is in its use of diodes to control the feedback transfer 
characteristic of an amplifier, as distinct from other ways of using 
diodes in function synthesis which are well known. 

Prof. Holt-Smith will see from Section 2 that, altogether, 
32 x 32 different trials can be carried out before the system 
repeats itself. A rate of 12500 solutions per second is then just 
sufficient to give a persistent display at about 124c/s on a 
cathode-ray tube, enabling the user to rotate the picture as a 
whole or to adjust manually a third trial-variable and see its 
effect on the trends displayed. Where the number of combina- 
tions to be tried is smaller, a somewhat lower rate is, of course, 
advantageous; and as indicated in Section 2, a basic clock rate 
as low as 800c/s can be selected for use in such circumstances. 
Even this speed would be unnecessarily high unless the purpose 
were to observe the effects of automatic or manual adjustment 
of parameters or functional relations or angles of projection. 
For such purposes an intermediate film process would be rela- 
tively unsatisfactory. A practical consideration is that the sizes 
of integrating capacitors can be conveniently smaller at higher 
rates, and the effects of lower-frequency hum and drift are more 
readily detected and allowed for. 

Instr.-Cmdr. McCleery has made a fair point. To speak of 
diode switches as “open”? when non-conducting is a well- 
entrenched custom, but I think he is right to dig at it and I wish 
him success. 
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SUMMARY 


The demand for a source of artificial reverberation in sound trans- 
mission systems is commonly met by the use of reverberation rooms, 
but attempts have been made to fulfil the requirements by devices 
involving the transmission of the signal through a number of delay 
channels. The design and operation of such devices can be treated 
by simple theory, but in the present state of the art, the quality of 
artificial reverberation, like that of the natural product, cannot be 
completely assessed except by ear. 

The characteristics of artificial-reverberation apparatus employing 
delay channels with overall feedback are discussed and illustrated by 
the results of early experiments using acoustic-delay tubes. The 
acoustic-tube system, while simple in principle, involves in practice 
much instrumental complication and becomes uneconomic if good 
sound quality and long reverberation time are required. 

Artificial-reverberation apparatus employing a magnetic-recording 
delay system, which is free from the defects associated with the acoustic 
tube, is described. By means of an artifice involving the use of a 
double recording track, the effective number of delay paths is greatly 
increased and a high standard of performance is thus attained. This 
equipment has been in regular use by the B.B.C. for 24 years. 

Artificial-reverberation systems involving a finite number of delay 
paths tend to produce flutter effects when transmitting impulsive 
signals. Such effects can be mitigated by the use of a small auxiliary 
reverberation chamber. By temporarily transferring the signal to the 
ultrasonic-frequency region, the required effect can be conveniently 
obtained with a small water-filled reverberation tank. Details are 
given of equipment of this type which has been designed for use in 
conjunction with the magnetic recording system referred to. 


Part 1. THEORY AND EARLY DEVELOPMENT 


(1) INTRODUCTION 


Since the earliest days of broadcasting, there has been a demand 
_ for some means of supplementing the natural reverberation of the 
studios. Initially, the chief requirement was for exaggerated 
reverberation to be used for dramatic effects, and this was 
obtained from bare-walled reverberation rooms, commonly 
known as “echo rooms,”’ in which the sound from the studio 
was reproduced by a loudspeaker. Later, the technique was 
extended in a more refined form by using an acoustically treated 
auxiliary studio instead of a reverberation room; this device was 
employed to introduce a more natural effect in a few special 
cases where the amount of reverberation at the source of pro- 
gramme was abnormally low. In recent years, a similar require- 
ment has arisen in connection with television, since the acoustic 
environment in television studios is frequently very ‘‘dead,’’ so 
that for certain types of programme some method of increasing 
reverberation artificially is essential. 

As reverberation rooms are expensive and possess certain 
technical disadvantages, other methods of producing artificial 
reverberation have from time to time been proposed. In 1949 
various alternatives were considered by the B.B.C. Research 
Department, and a system using acoustic delay tubes with elec- 
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trical feedback, for which acceptable performance had beer 
reported in the literature, was selected as the most promising 
for further study. A series of experiments was carried out whick 
led to a better understanding of the potentialities and limitations 
of this system and artificial-reverberation systems in general; it 
became apparent that while relatively crude reverberation effect: 
could be obtained from acoustic-delay tubes without grea 
difficulty, the standard of performance then envisaged could be 
obtained, if at all, only by bulky and elaborate equipment 
Concurrent developments in magnetic recording, however 
offered an alternative form of delay element free from many o: 
the difficulties associated with the acoustic system. It wa: 
therefore decided to continue the investigation with a magnetic 
recording device as the delay element, and the project wa: 
carried to the point of designing an artificial-reverberation uni 
capable of satisfying many of the operational requirements of the 
service. The first of these units has been in regular operation ir 
television transmissions since July, 1952, while others are now it 
limited use in sound broadcasting and in the Transcriptior 
Service. 

In the course of the early experiments it was found advan 
tageous to supplement the delay system by a reverberatior 
chamber having a relatively short reverberation time. As <% 
result of later research this refinement has been provided by thx 
more convenient method of temporarily transferring the greate 
part of the signal spectrum to ultrasonic frequencies and trans 
mitting it as a pressure wave through water contained in ; 
miniature reverberation tank. Equipment incorporating thi 
device has been in experimental service since April, 1954, a 
an addition to one of the magnetic-recording units alread: 
referred to. 

In Part 1 of the paper, the principles common to all forms o 
artificial reverberation are discussed and the various know! 
devices reviewed. The general theory of delay channels witl 
feedback is given, together with data obtained by experiment 
with acoustic-delay systems, and the practical limitations of sucl 
systems are discussed. In Part 2 the theory is extended to dea 
with special effects obtainable with magnetic-recording channels 
and a complete artificial-reverberation unit employing this forn 
of delay is described. Part 3 deals with reverberation phe 
nomena occurring in two- or three-dimensional models, an 
describes the development of the ultrasonic reverberation tank, 


(2) CHARACTERISTICS OF NATURAL REVERBERATION 

Before considering devices for imitating the effects of natura 
reverberation, it may be well to examine briefly the phenomen: 
to be counterfeited and the criteria by which the result is t 
be judged. 

Any source of sound of varying intensity introduced into | 
room having reflecting walls gives rise to a number of charac 
teristic acoustic effects which are collectively known as reverbera 
tion. These effects may be grouped under one of two heading: 
according to whether the response of the room is to be considere 
as a function of time or of frequency. 
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‘ (2.1) Response as Function of Time 


If a source of sound is suddenly started, the resulting sound 
pressure at any given point reaches its steady state in a series of 
“steps, corresponding to the arrival, first of the direct and then 
of the reflected sound, the latter by a great number of paths of 
different length. Similarly, when the source of sound is suddenly 
stopped, the pressure at any point returns to zero in a discon- 
‘tinuous fashion. Because the number of paths by which sound 
can arrive at a given point is very large, the steps in the growth 
»and decay of reverberant sound are numerous but individually 
small. The rise and fall in sound level therefore appear to the 
_ ear as a continuous process which, in the case of halls and broad- 
cast studios having good acoustics, approximates to an expo- 
nential law. In such rooms, even the discrete reflections of 
impulsive sounds, such as a handclap or pulse of tone, are not 
separately resolved by the ear. 


(2.2) Response as Function of Frequency 


At certain frequencies a sound wave reflected from one 
- boundary of a room will arrive back at a given point, after 
reflection from the other boundaries, in such phase as to reinforce 
the original, and a state of resonance is thus produced. Every 

- room has a series of such resonance frequencies, at which the 

_ level of the reverberant sound is relatively great. The higher- 

q order modes of resonance occur at quite small intervals. The fre- 

- quencies of the lower modes, however, may be sufficiently far 

_ apart to be separately identified by the ear; the results may be 

7 subjectively interpreted as an unpleasant timbre or “‘coloration” 

_ imparted to all sounds produced in the room. This effect is most 

common in small rooms and is an important factor in determining 
the ““soodness’’ or otherwise of the acoustics. 
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(3) PRINCIPLES OF ARTIFICIAL REVERBERATION 

Artificial reverberation is obtained by modifying the signal in 

_ asound transmission system in a manner imitative of the natural 

_ processes described above. The resulting product is then com- 

bined with the unmodified signal (with due precautions against 

j unwanted feedback) so as to give an illusion of reverberation 

_ occurring at the point of origin. The possible operations that 

may be carried out on the signal can be divided in principle into 
one of the following categories: 


GB.) Artificial-Reverberation Systems involving Transmission in 
Two- or Three-Dimensional Space 


__ The signal is reproduced in a reverberation room or auxiliary 

_ studio containing a microphone so placed as to receive a high 

_ proportion of reverberant sound; the electrical output of the 
Microphone constitutes the artificial reverberation. Variants on 
this principle include the substitution of media other than air in 

_ the reverberant space and the virtual reduction of this space 

_ from three dimensions to two by propagating the sound in a flat 
box containing a liquid or gaseous medium or in a thin layer of 

_ solid material; the use of such devices to supplement other forms 
of artificial reverberation is discussed in Part 3. 


(3.2) Artificial-Reverberation Systems involving Transmission in a 
Single Dimension 

The effect of multiple reflections in a reverberant room is 

_ imitated by dividing the incoming signal between a number of 
; parallel channels designed to give different time delays. The 
attenuation in the individual channels is so adjusted that the 
delayed signals appearing at the output of the system progres- 
sively decrease in amplitude. Each signal may be regarded as 
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an artificial reflection,* and if the series is continued to the point 
at which further reflections would be inaudible, artificial rever- 
beration can be obtained. To avoid noticeable discontinuities 
in the growth and decay of sound, the reflections must be closely 
spaced in time.. If each delay channel produced only one 
reflection, the number of channels would in many cases be incon- 
veniently large. The required end may, however, be achieved 
more economically by using relatively short delay times and 
making each signal traverse the delay system repeatedly; an 
infinite series of reflections can thus be produced. Where trans- 
mission can take place in both directions and the attenuation in 
the medium is sufficiently low, this result may be produced by 
back-and-forth reflection between the terminations; in other 
cases, feedback is used, the output signal being amplified and 
returned to the sending end at a level a little short of that required 
to produce sustained oscillation. 


(3.3) Criteria of Reverberation Quality 

The salient feature of natural reverberation is the gradual 
decay in the sound level after the source has been stopped; the 
rate of change of energy density in these circumstances, as 
expressed in the form of reverberation time, is thus the most 
important single criterion of room acoustics. A mere statement 
of reverberation time does not, however, give a complete picture 
of the acoustic properties of a room. The subjective quality of 
reverberant sound is influenced, in a manner which is as yet 
imperfectly understood, by the spacing of the resonance modes 
on the frequency scale or by the spacing of the times of arrival 
of reflected sound travelling by various paths, both quantities 
representing different aspects of the geometry of the room. The 
same considerations apply with even greater force to artificial- 
reverberation systems, which, while simulating broadly the 
effects of natural reverberation, do not reproduce the fine struc- 
ture of the process. It must be emphasized that, in the present 
state of the art, the quality of reverberant sound, whether natural 
or artificial, cannot be completely assessed except by ear. 


(4) EXISTING ARTIFICIAL-REVERBERATION SYSTEMS 

The principles outlined in the last Section are exemplified by 
a number of artificial-reverberation systems which have been 
described in the literature. 


(4.1) Reverberation Room 

The use of reverberation rooms is too well known to require 
detailed reference. It should be noted, however, that these 
rooms, although frequently intended to simulate the acoustic 
properties of large studios or halls, are for economic reasons 
made relatively small, the required reverberation time being 
achieved by the use of highly reflecting material for the walls. 
As already indicated, the quality of the reverberant sound is a 
function of the geometry of the enclosure, and in fact the rever- 
beration in a small space always has an unpleasant timbre. For 
this reason, reverberation rooms of practicable size are unsuitable 
for use in high-quality music transmissions. 

The reverberation time of a given room is fixed, and only the 
ratio of direct to reverberant sound can be readily controlled. 
Attempts have been made to overcome this defect by dividing 
the reverberation space into two or even three sections connected 
be remotely-operated doors,! but such expedients add greatly to 
the cost of an already expensive installation. 


(4.2) Mechanical Delay Line 
An artificial-reverberation device using mechanical delay lines 
was developed by Hammond for use with electronic organs,?»? 
and has also been used in film recording. 


* For want of a better word, the use of the term “reflection” has been extended for 
the purpose of the paper to include the individual delayed signals which occur in 
artificial-reverberation systems. 
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In this apparatus, the incoming signal is applied to a moving- 
coil driver unit which sets in vibration a number of wire helices. 
The reverberant output is obtained from a piezo-electric contact 
microphone attached to the vibrating system. The vibratory 
motion is propagated along the helices with relatively low 
attenuation and reflected back and forth between the various 
points of discontinuity, giving rise to a series of additional signals 
at the microphone terminals. The reverberation time of the 
system is controlled by oil damping of the helices. The device, 
while possessing the merit of extreme compactness, is subject to 
certain limitations, to be discussed later, which are inherent in 
any system having only a small number of delay paths. 


(4.3) Acoustic Delay Line with Feedback 


The use of acoustic delay lines to give artificial reverberation 
has been dealt with by Olson‘ in a patent covering, in principle, 
the use of tubes of different length, each with a loudspeaker at 
one end and a microphone at the other, or a single tube having a 
series of microphones mounted on subsidiary tubes branching 
off at intervals. The delayed signals generated by the various 
microphones are combined at the output of the system to simulate 
the effect of a small group of reflections. By the application of 
overall feedback, the same group of reflections is repeated again 
and again with progressively decreasing amplitude to form an 
infinite series. 

In a practical embodiment of the above system, described by 
Curran, the delay paths were arranged to produce a reflection 
every 23millisec. Such a series of equally spaced reflections is, 
of course, an over-simplified substitute for natural reverberation, 
since it gives only the effect of a single pair of parallel walls. 
The system described was, however, claimed to give acceptable 
performance for certain applications in broadcasting. 


(4.4) Delay by Magnetic Recording System 


Goldsmith® and Wolf? have described an artificial-reverbera- 
tion system using a magnetic-tape recorder. The incoming 
signal was recorded on a continuous loop of tape having 13 
reproducing heads followed by an erasing head. The delayed 
signals generated by the passage of the recorded matter past the 
successive reproducing heads were combined at the output, thus 
imitating the effect of a finite series of reflections. The maximum 
delay provided was half a second, at the end of which time the 
series came to an end; this effect set a limit to the amount of 
artificial reverberation that could be used. 


(4.5) Delay by Magnetic Recording System with Feedback 

A reverberation device specified by Berth-Jones7 in 1947 con- 
tained a magnetic recording system employing a single repro- 
ducing head with the addition of feedback, thus giving an infinite 
series of equally-spaced reflections. In a commercial device 
advertised in 1950 two reproducing heads were provided, but the 
combined output from both was fed to the input. Each reflec- 
tion, on being passed again round the loop produced two more 
of its kind, the total number being much larger than could be 
obtained by feedback from a single reproducing head. A 
similar system was later described® utilizing two similar magnetic 
recording machines running at different tape speeds. 

The application of feedback to parallel channels having dif- 
ferent delay times, while producing a relatively large number of 
reflections, leads to some undesirable effects, which are discussed 
in Sections 6.3 and 13. 


(4.6) Delay by Optical Recording on Moving Phosphor ‘ 


In an artificial-reverberation system described by Goldmark 
and Hendricks? the incoming signal was made to modulate a 
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light source and was optically recorded on the rim of a rotating } 
phosphor-coated disc, a finite series of reflections being produced | 
by a number of photocells arranged around the periphery of the | 


disc. The same series of reflections was repeated with each 


revolution of the disc, the amplitude diminishing as the glow of | 


the phosphor faded away, and by this means an infinite number 
of reflections was produced without recourse to feedback. The 
design appears to have been attended by considerable instru- 
mental complications. 


(5) EXPERIMENTS ON ACOUSTIC-DELAY SYSTEMS WITH 
FEEDBACK 

Of the devices reviewed in the last Section, those involving the 
use of a time-delay system with electrical feedback seem the most 
promising, if only because the reverberation time can be readily 
controlled by adjusting the attenuation in the feedback loop. 

At the time when the B.B.C. Research Department began to 
study such systems, the acoustic-transmission tube appeared to 
be the most convenient means of obtaining the necessary delay. 
Such a transmission system, while involving elaborate electrical 
equalization and other instrumental complications, should be 
capable of operating with little attention for long periods, and 
has no mechanical parts subject to wear. 

A series of experiments with acoustic delay tubes was therefore 
undertaken; a simple system giving equally spaced reflections was 
taken as a starting point, and progressively elaborated in the light 
of subjective tests. 

The instrumentation involved in this work is not of great 
interest for the present purpose, and will not be further con- 
sidered here. Of greater importance are the general theory 
underlying the experiments and the principles established there- 
from, since these apply also to the design of the equipment 
described in Part 2. 


(6) THEORY OF DELAY CHANNELS WITH FEEDBACK 
(6.1) Delay Channel with Single Outlet 


It will simplify the discussion if the action of a single delay 
channel with feedback is first considered in some detail. Sucha 
system is shown diagrammatically in Fig. 1(a); the delay channel 
is illustrated as a loudspeaker, acoustic-delay tube and micro- 
phone, together with such amplifiers and equalizers as are 
necessary to give zero gain over the working frequency band, but 
the ensuing discussion applies equally to a recording channel or 
to any other transmission medium having a constant time lag 
between input and output. For simplicity, it is assumed that 
any phase shift in the amplifiers, equalizers, loudspeaker and 
microphone is negligible compared with that occurring in the 
tube itself, and furthermore, that the feedback is positive in sign. 

Consider first the relationship between the reverberation time, 
delay time and attenuation in the feedback loop, the last-named 
quantity representing the margin of safety of the system against 
self-oscillation. 

Let ¢ be the time delay in seconds, and T the reverberation time, 
i.e. the time after which a signal passing repeatedly round the 
feedback loop falls by 60dB. In the course of time 7, the signal 
must traverse the loop 7/t times, suffering each time an attenua- 
tion of A decibels, whence 


A = 601/T decibels, or T = 60t/A seconds. 


To simulate natural conditions it may be required to make the 
reverberation time vary with frequency, and to this end, the 
response of the feedback circuit may be made frequency- 
dependent by the insertion of an appropriate network. It 
should be noted that when A is small, as must be the case if the 
delay time required is to be kept to a minimum, slight changes 
in the response of the feedback loop cause large changes in 
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teverberation’ time. For example, with a 50millisec delay, for 

_ which the path length in air would have to be about 55ft, and a 
reverberation time of 1-Ssec, the feedback loop must be adjusted 
to have an attenuation of only 2dB. A variation of +1dB in 
the loop response will then cause the reverberation time to vary 
between 3 and 1 sec, while the system will oscillate if the response 
rises by 2dB at any of the frequencies (occurring at intervals of 
1/t, or 20c/s throughout the band) at which the loop phase shift 
is zero. It will be seen that there is little latitude for uninten- 
tional variations in the loop attenuation and that stringent 
‘requirements are imposed on the frequency response of the delay 
element. 
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Fig. 1.—Artificial-reverberation system using single delay channel with 
feedback. 


(a) Simplified schematic. 
(6) Response as a function of time. Pulse input. 
(c) Response as a function of frequency. Tone input. 


Key to graphical symbols used in all the Figures. 
(r] Amplifier. | Equalizer. 


Attenuator. 


~Of Microphone. 


rq Loudspeaker 


_ Consider next the response of the system as a function of time. 
Fig. 1(6) shows the output resulting from a transient signal, such 
as a burst of tone, entering the circuit at zero time. This output 
consists of a series of reflections of the original signal (the 
envelope amplitude only being shown), occurring at equal time 
intervals t, each reflection being attenuated by A decibels with 
respect to the previous one, so that the overall envelope represents 
an exponential decay. The response of the system superficially 
resembles that of a reverberant room but differs from it in two 
respects: 

(a) With the large values of ft likely to occur in practical artificial- 
reverberation systems, the silent interval between individual reflec- 
tions may be perceptible to the ear, giving an Poe peat of flutter. 

(b) The series of reflections can be regarded, apart from its 
exponential decay, as a repetitive phenomenon having fundamental 
frequency 1/t plus a series of harmonics. Thus, even when ¢ is 

-too short for flutter effects to be recognized, the system may still 
be picts of giving the subjective impression of an assignable 
pitch. 


It will be seen, in fact, that the circuit of Fig. 1(a@) reproduces 
all the phenomena associated with reflections between two 
parallel walls. 

Consider finally the overall frequency characteristic of the 

system. The response passes through a series of maxima, as 
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shown in Fig. 1(c). Each peak represents a condition in which 
the signal fed back from the output of the delay channel is in 
phase with, and thus reinforces, the incoming signal, a state of 
affairs which can readily be shown to occur at frequency intervals 
of 1/t. Here again, the response of the system has a superficial 
resemblance to that of a reverberant room, with its series of 
resonance modes; in the neighbourhood of each ‘‘mode’”’ in 
Fig. 1(c) the circuit, in fact, exhibits the characteristic resonance 
phenomena, such as beats between free and forced oscillations 
on the sudden application of a signal having a frequency slightly 
different from the frequency of maximum response. In an 
artificial-reverberation system, however, the value of ¢ is likely 
to be such as to place the modes much further apart in frequency 
than those of a reverberant room. The reinforcement of indi- 
dividual components of a complex waveform, such as that of 
speech or music, may then be noticeable to the ear, the effect 
being known as ‘‘coloration’’; the situation is aggravated by 
the fact that the peaks in Fig. 1(c) form a harmonic series. 

The time and frequency response described in the last two 
paragraphs are not, of course, independent, but are alternative 
aspects of the same* performance. The close relationship 
between the two can be illustrated if the incoming pulse of 
Fig. 1(6) is considered to be applied to a circuit having the 
frequency response of Fig. 1(c); the resulting impression of pitch 
could then be attributed to the shock excitation of the series of 
harmonically related resonance modes. 

For more complicated systems involving several parallel paths 
giving different delay times, the relationship between the time 
and frequency response is of a more complex character. More- 
over, the ear recognizes in all cases a fairly clear distinction 
between time phenomena of the flutter class and frequency 
phenomena involving the imposition of a characteristic timbre or 
coloration—of which Figs. 1(6) and 1(c) illustrate the simplest 
form. It is therefore convenient to examine the performance of 
artificial-reverberation systems directly from either or both points 
of view. 


(6.2) Delay Channel with more than One Outlet: Feedback over 
Single Path 


To increase the number of reflections, the incoming signal may 
be made to follow a number of parallel paths of different lengths. 
The same effect may, however, be achieved with greater economy 
by a single delay channel having outlets at a number of points 
along its length. Fig. 2 shows how the simple system of Fig. 1 
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Fig. 2.—Artificial-reverberation system using single delay channel with 
more than one-outlet. Feedback over single path. 


can be elaborated in this way by employing four microphones 
m,, Mz, m, and M, spaced along an acoustic delay tubes it 
should be noted that the feedback is taken from the last micro- 
phone M only; signals from the intermediate microphones m,, mz 


* To give a complete description of the system, Fig. 1(c) would need to be supple- 
mented by a phase/frequency curve. 
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and m3, while contributing to the output of the system, do not 
circulate in the feedback loop. 

If the four microphones were equally spaced along the 
tube, the system of Fig. 2 would produce a series of reflec- 
tions at equal time intervals t/4. As has already. been pointed 
out, however, a series of equally spaced reflections may pro- 
duce unwanted effects, and it is therefore desirable that the 
microphones should be placed at irregular intervals along the 
tube. The effect of this artifice will be seen from Fig. 3(a), 
which shows the amplitude and spacing of the reflections pro- 
duced by the system of Fig. 2; here the amplitude is plotted 
on a logarithmic scale, so that an exponential-decay envelope 
would appear as a straight line, and the individual reflections 
appearing in the output of the system are marked according to 
the microphone by which they are picked up. It will be seen 
that the irregular spacing of the microphones does not entirely 
remove the periodic element from the series, for the time pattern 
of the group of reflections generated by these microphones is 
repeated at each passage of the signal round the feedback loop. 
The subjective effect of this recurrent pattern will be referred to as 
“sroup repetition flutter.” 

Successive signals from microphone M, being attenuated by a 
constant fraction at each passage round the feedback loop, de- 
crease exponentially in amplitude. The signals from my, m2, and 
m3, however, have to be adjusted in amplitude, by regulation of 
the individual attenuators shown, to produce the smooth decay 
envelope of Fig. 3(a); if this is not done and conditions as shown 
in Fig. 3(6) obtain, the artificial reverberation becomes amplitude- 
modulated at the group repetition frequency 1/t, and the corre- 
sponding flutter effect is considerably aggravated. For the same 
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Fig. 3.—Amplitude and spacing of reflections produced by a single 
pulse applied to the artificial-reverberation system of Fig. 2 with 
(a) et: and (4) incorrect adjustment of the individual reflection 
controls, 


reason, any change in the reverberation time requires a readjust- 
ment of the gain controls associated with m,, m2 and m,, and 
if the system is designed to have a reverberation time varying 


with frequency the attenuation in the individual microphone | 


circuits will have to be made to vary appropriately with frequency 
if the exponential-decay envelope is to be preserved. 

The steady-state response of the multi-path system of Fig. 2, 
like that of the simple system of Fig. 1, passes through a series 
of maxima at frequency intervals 1/t. Additional maxima, 
however, appear at frequencies at which the outputs of two or 
more microphones are in phase and thus reinforce the signal. 
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If the microphones are irregularly spaced, these frequencies of 
reinforcement are irregularly-spaced also; moreover, the peaks 
in the frequency response curve differ in height, according to the 
number of microphone outputs in phase. The multi-path 
system, with its irregularly spaced ‘‘modes,”’ thus gives a better 
approximation to the response of a reverberant room. There 
remains, however, the possibility that one of these modes may 
be so far separated in frequency or amplitude from its neighbours 
as to lead to a conspicuous coloration. Such effects cannot be 
entirely avoided, but can be minimized by appropriate spacing 
of the microphones. The determination of the best condition 
involves a detailed study of the relationship between the spacing 
and the wavelength of the signal in the delay medium and will 
not be considered here; the problem is fully discussed in Part 2 
in relation to the spacing of pick-up heads in the magnetic 
recording system. 


(6.3) Delay Channel with more than One Outlet: Feedback 
~ Over Parallel Paths 


In the circuit of Fig. 2, the number of reflections produced 
would clearly have been increased if, in addition to the output 
from M, the outputs from m,, m2 and m, had been fed back to 
the input. However, such an arrangement is in general im- 
practicable, since it involves the application of feedback to a 
circuit which consists of several parallel paths of different lengths 
and which must therefore have already an irregular frequency 
characteristic. The points of maximum response of the feedback 
loop will occur at those few frequencies at which all the micro- 
phone outputs are in phase, and when feedback is applied, 
reverberation will be practically confined to the vicinity of these 
points. 

A border-line case arises with a circuit such as that of Fig. 4, 
in which the number of parallel paths in the feedback loop is 
only two. Here, the loop response reaches a fixed maximum 
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Fig. 4.—Artificial-reverberation system with feedback over two 
parallel paths. 


value—the sum of the responses of the two microphones M, and 
M,—at a series of frequencies extending throughout the working 
band and having a constant separation 1/7, where Tt is the dif- 
ference in time delay between the two. At each of these fre- 
quencies the reverberation time obtained by applying feedback 
will be the same, and the system, while subject to the disadvantage 
of having regularly spaced modes, is therefore workable. 

It may be of interest to examine the response of the circuit in 
Fig. 4 as a function of time; it is assumed that both M, and M, 
are connected to give positive feedback. A single short tone 
pulse, arriving in succession at M, and Mb, produces two pulses 
separated by a time intervalr. These, on retraversing the delay 
medium, produce successively a pulse from M, alone, a pulse 
from M, and M) acting simultaneously, and a pulse from M2 
alone; the second of these pulses, being the sum of two others, 
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has the largest amplitude. Continuation of the process produces 
a complicated effect which is best illustrated by an example. 
Fig. 5(a) shows the decay process following the arrival, at zero 
time, of a single tone pulse; as in Figs. 1 and 3, only the envelope 
amplitude is shown. For the purpose of this ‘example, it is 
assumed that the attenuations in the feedback loop, when the 
output is taken from M, or M, alone, are 8dB and 11 dB respec- 
tively, whence it can readily be shown that the margin of safety 
against self-oscillation is 3-3dB. It will be seen that the decay 
envelope shows a high degree of amplitude modulation; this may 

expected to appear as a flutter effect and is a further dis- 
advantage of the arrangement. For comparison, Fig. 5(b) shows 
the series of reflections which would be obtained using the same 
delay tube and microphones and with the same safety margin, 
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From the foregoing it may be concluded that feedback over 
even two different paths produces undesirable effects, and a 
single feedback path is therefore to be preferred. 


(7) EXPERIMENTAL RESULTS 


It is not proposed to describe in detail the delay-tube experi- 
ments already referred to. The main steps in the investigation 
and the conclusions reached are summarized in the following 
Sections. 


(7.1) Simple System giving Equally Spaced Reflections 
The subjective effect produced by the simplest types of artificial- 


reverberation system, giving regularly recurring reflections, was 
investigated. When the interval between reflections exceeded 
(2) 
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Fig. 5.—Amplitude and spacing of reflections produced by a single pulse applied to 


(a) Circuit of Fig. 4. 


but with feedback taken from Mz alone, the output of M, being 
connected in a similar way to that of m,, mm, and m, in Fig. 2 
and adjusted to fit the exponential-decay envelope. It should 
be noted that the wide gaps between the reflections in Fig. 5(6) 
could be filled, as in Fig. 2, by the addition of further microphones 
not included in the feedback loop, but that the same expedient 
applied to the circuit of Fig. 4 could not producea smooth decay. 
No precise value of reverberation time can be assigned to 
Fig. 5(a), but even if the largest reflections only are counted it is 
clear that the rate of decay is much greater than in Fig. 5(6). 


(6) Circuit modified by taking feedback from M2 alone. 


some 25millisec, the subjective result could be described as a 
flutter echo. As the interval was reduced, there appeared in 
addition an effect referred to by observers as a “‘honk’’ or 
“twang,” giving an impression of definite pitch and imparting a 
characteristic coloration to the signal. At 10millisec spacing, 
the flutter effect was negligible and the coloration effect was 
predominant. Of the two phenomena, the flutter was con- 
sidered slightly less objectionable, but the amount of artificial 
reverberation that could be added to the original signal without 
one or other of these defects becoming evident was very small. 
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(7.2) Combination of Three Simple Systems 


To simulate more closely the conditions obtaining in a rever- 
berant room, three independent artificial-reverberation circuits, 
each similar to that of Fig. 1, were combined, thus imitating the 
natural reflections which occur between opposing, pairs of side 
walls and between floor and ceiling. Such a combined system 
has three series of resonance modes, which correspond to the 
axial* modes of a room having dimensions equal to half the 
lengths of the three delay tubes used. The remaining modes of 
the room, involving transmission of sound along oblique paths 
between adjacent walls, are not, of course, reproduced by this 
method, but it was hoped that a satisfactory approximation to 
natural reverberation might be achieved without them. In fact, 
this hope was not realized; the flutter and coloration effects 
associated with the individual systems were still evident to the 
ear. This result is of some interest as a sidelight on the theory of 
room acoustics, since it suggests that the axial modes alone are an 
inadequate criterion of performance; the point is further discussed 
in Part 3. 

From the foregoing it was concluded that satisfactory artificial- 
reverberation effects could not be obtained by a system giving 
equally spaced reflections. 


(7.3) Multi-Path Systems 


A series of experiments was next carried out on multi-path 
systems similar to that of Fig. 2 in order to determine the 
minimum overall time delay ¢ and the maximum interval between 
reflections which would give tolerable reverberation quality. 

For a given reverberation time, ¢ is proportional to the loop 
attenuation A. The latter quantity is governed in turn by the 
gain stability of the feedback loop and the smoothness or other- 
wise of its frequency characteristic; in a practical acoustic-delay 
system, its minimum value may be 34dB. Apart from these 
considerations, however, a large value of t is desirable on account 
of the group repetition flutter, which was found to become 
progressively less objectionable as the frequency 1/t was lowered. 

The upper limit to the mean interval between successive 
reflections appeared to be in the neighbourhood of 30millisec, 
and at least four microphones had to be employed to allow the 
necessary degree of irregularity in their spacing. 

The following data, relating to two of the experimental 
systems employed, serve as an example of practical operating 
conditions: 


System A 
Overall delay time . 50 millisec 
Frequency of group repetition flutter 20c/s 
Number of delay paths 4 
Mean interval between reflections. . 124millisec 
Frequency range A 50-7 000c/s 
Reverberation time at 100c/s lsec 
Reverberation time at 4 000c/s $sec 
System B 
Overall delay time . 135 millisec 
Frequency of group repetition flutter Tc/s 
Number of delay paths 5 
Mean interval between reflections. . 27 millisec 
Frequency range... 50-4 000c/s 
Reverberation time at 100c/s 2sec 
Reverberation time at 4 000c/s lsec 


System A roughly simulates the acoustics of a small broad- 
casting studio, but has too short a reverberation time to be of 
much use for musical programmes. 

In system B the increased delay time is accompanied, for 
reasons given later, by a reduction in bandwidth. Flutter effects 


* The axial modes of a room are those involving transmission of sound in directions 
normal to the boundary surfaces. 
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were still noticeable at high levels of reverberation, particularly; 
with impulsive signals. The-quality was nevertheless considered , 
sufficiently good for use with certain types of music. 


(7.4) Variation of Reverberation Time and Amount of Reverbera- - 


tion with Frequency 


In all cases a more natural effect was obtained by making both 
the reverberation time and the amount of reverberation fall with 


rising frequency. ‘These measures may be regarded as simulating © 


the natural increase with frequency of the absorption in rooms 


and of the directivity of sound sources; however, they served also 


to mitigate the defects of the artificial reverberation. 


(7.5) Use of Auxiliary Reverberation Chamber 


Flutter effects in the artificial-reverberation systems described © 


were appreciably reduced by transmitting the incoming (or out- 
going) signal through a loudspeaker and microphone placed in a 
small reverberation chamber; the reverberation in this chamber 


served to fill the intervals between reflections and did not there- | 


fore require to be very long. The improvement was, however, 
obtained at the cost of introducing the unpleasant coloration 


which is a characteristic of small rooms, and for this reason the | 


use of an auxiliary reverberation chamber did not become a 
practical proposition until the development of the ultrasonic 
tank described in Part 3. 


(8) FURTHER DEVELOPMENT 
The reverberation time so far attained was still insufficient for 


many purposes, and a further increase in delay time was therefore | 
desired. Unfortunately the delay time which can be achieved by | 


an acoustic tube is severely limited by the heavy attenuation 
suffered by the transmitted sound. For lengths up to 100ft, 


giving delay times of about 90millisec in air, tubes of lin bore | 


may be employed to transmit frequencies up to about 7 000c/s. 
For greater lengths it may be necessary to reduce the attenuation 


by increasing the bore and to tolerate some limitation of the | 


upper frequency range through transverse resonance effects. 


While a certain deficiency at high frequencies is a common _ 
feature of natural reverberation, and may therefore be tolerated 

in the artificial product, an increase in tube diameter involves a | 
An 


serious increase in the space taken up by the equipment. 
example of this is the experimental system B, in which a tube of 
14in bore was used to transmit frequencies up to 4 000c/s. The 
tube had an overall length of 165ft, of which the last 14ft was 
filled with sound-absorbent material to minimize reflection; when 
mounted in the form of a coil it occupied some 70ft?. To obtain 
a greater delay time without further reduction in bandwidth, two 
or more complete channels could be connected in cascade, but 
apart from the cost of the extra loudspeakers, microphones, 
equalizers and amplifiers, the equipment would then require for 
its accommodation a room comparable in size with the reverbera- 
tion chamber which it was intended to replace. 

It was clear, therefore, that any further development would 
require the use of a more compact delay medium, and the possi- 
bilities of magnetic recording were reconsidered. This form of 
delay had hitherto been open to some practical objections on 
account of the wear on the tape and heads, which set a limit to 
the length of time that the equipment could be operated without 
maintenance. Fortunately, later developments in magnetic 
recording had made it possible at this stage to construct a delay 
channel with the heads working out of contact with the magnetic 
medium. 
recording machine for producing artificial reverberation. The 
construction and operation of this machine are described in 
Part 2. 


It was therefore decided to construct a magnetic- — 
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Part 2. THE MAGNETIC-RECORDING ARTIFICIAL- 
REVERBERATION MACHINE 
(9) INTRODUCTION 
A description will be given in this Part of the paper of an 
artificial-reverberation apparatus which employs a magnetic- 
recording delay system. Fig. 6 is an external view of the delay 
unit in which the programme signals are recorded on the inside 
tim of a basin-shaped wheel, which is coated with magnetic 


Fig. 6.—Magnetic-recording delay unit of artificial-reverberation 
equipment. 


material, and are reproduced at subsequent intervals by a series 
of reproducing heads spaced round the rim. With suitable 
spacing of the reproducing heads, and by suitable attenuation of 
the signals reproduced from them, it has been possible to achieve 
a Satisfactory simulation of the decay of sound in a reverberant 
enclosure. The general principle by means of which the same 
sound is made to traverse the delay chain repeatedly, until its 
reproduced intensity reaches noise level, has been explained in 
Part1. For reasons of space, flexibility and economy, a similar 
feedback system is used in the magnetic-delay unit, and every 
signal appearing in the last reproducing head is fed back into the 
recording chain for re-recording on the wheel rim. The basic 
delay in the magnetic system can, without inconvenience, be 
made greater than in the acoustic-tube system, and in the appa- 
ratus to be described it is some 250millisec, i.e. the group 
repetition rate is about four per second. 

~The rate of decay and the shape of the decay pattern associated 
with each signal fed into the apparatus depend on the relative 
attenuation of the outputs from the successive reproducing 
heads and on the level at which the signal is re-recorded 
from the feedback chain. It is possible to obtain a series of 
reverberation times by suitable choice of these factors, the upper 
limit being determined by the inherent liability of the feedback 
system to go into oscillation. 
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(10) THE MULTI-TRACK SYSTEM 

It is desirable that the number of artificial reflections generated 
in a given time should be as high as possible, otherwise when the 
apparatus is fed with an impulsive sound its output acquires an 
unpleasant ““chopped”’ character owing to amplitude flutter. A 
difficulty arises here with the finite dimensions of reproducing 
heads, which set a limit to the minimum spacing possible between 
the reproducing gaps of adjacent heads. The time interval 
provided by this spacing may, of course, be made shorter by 
increasing the speed at which the recording medium passes the 
heads. However, this cannot be carried too far without serious 
inconvenience, for each such increase of speed entails a reduction 
of the overall delay available. Consequently the level of signal 
which must be fed back to the input of the system from the feed- 
back head becomes higher, and, as shown in Part 1, this imposes 
increasingly stringent tolerances on the accuracy to which the 
system must be equalized if self-oscillation, or coloration, is to 
be avoided. A compromise must therefore be made between 
the factors of head spacing, recording speed and feedback level. 

A reasonably numerous and complex occurrence of reflections, 
with acceptable values of feedback level and recording speed, 
has been obtained by the use of a multi-track recording system.!° 
This can simulate the effect of a multitude of reproducing heads 
whilst requiring the physical presence of only a fraction of that 
number of heads. Fig. 7 illustrates the basic means by which the 
effect of many reproducing heads may be obtained. A simul- 
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Fig. 7.—Miulti-track recording and reproduction. 


A, B, C Recording heads. 
a,b,c Recorded tracks. 
Soke Ue Reproducing heads. 


taneous multi-track recording of two or more tracks is made in 
the magnetic medium, the various recording heads being displaced 
longitudinally with respect to one another so that at some 
subsequent reproducing head, which spans all the tracks and 
reproduces them simultaneously, there is a time interval between 
the reproduction of corresponding parts of the programme on 
each track. Suppose that A, B and C are three recording heads 
which are recording the same programme on magnetic tracks, 
a, b and c, whilst S, T, U, V, etc., are reproducing heads which 
can reproduce the recorded signals from the three tracks simul- 
taneously. The longitudinal displacement of the tracks a, b and 
c, when reproduced by head S, introduces differing time lags in 
the reproduction of any given signal fed to the apparatus, the 
recorded signal of c being reproduced first and that of a last. 
If the tracks c, b and a are recorded at a progressively lower 
level, the output of the head S is identical to that which would be 
obtained using a single track (with one recording head) repro- 
duced by three displaced reproducing heads, the outputs of which 
are progressively attenuated. When more than one reproducing 
head is introduced into the system the advantages of this multi- 
track method become evident. Three recording heads (A, B and 
C), two reproducing heads (S and T) and three tracks will 
produce six separated responses for the use of five heads. A 
single-track recording Would require seven heads to attain the 
same result. Similarly, three recording heads (A, B and O), 
three reproducing heads (S, T and U) and three tracks will 
produce nine responses separated in time, a result which the 
single-track recording would require ten heads to accomplish. 
The more reproducing heads which are employed in the system, 
the greater is the relative number of responses obtained by multi- 
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track recording. Increasing the effective number of reproducing 
heads in this manner, and using suitable feedback arrangements, 
enables a reverberation pattern to be produced which meets most 
normal requirements except those involving impulsive sounds 
such as pistol shots. 


(11) THE DELAY UNIT 
The mechanical arrangement of the recording and reproducing 
unit which provides the delayed reflections is shown in Fig. 8. 
Tn the present apparatus the decay pattern is provided by the use 


Fig. 8.—Mechanical arrangement of magnetic-recording delay unit. 


of two recording heads (and tracks) and eight reproducing heads. 
The magnetic coating is sprayed, in the form of an endless track 
4in wide, on the inner edge of the basin-shaped rotating member. 
This basin, which has an inner diameter of 94in, is supported 
and enclosed in a bearing unit and is rim-driven by the driving 
‘wheel D which is fixed on the shaft of a synchronous motor (not 
shown). The basin is rotated at about 3r.p.s. and the magnetic 
medium is thus travelling at a speed of approximately 100in/sec. 
The various erasing, recording and reproducing heads are hung 
from a plate into the well of the basin so that their gaps face 
outwards on to the magnetic medium. With this arrangement 
the whole system can be well screened magnetically, and it can 
also be made fairly dustproof. To avoid wear, and the necessity 
of frequent renewal of the magnetic track, the various heads 
work out of contact with the medium, and are separated by 
approximately 0-001in from it. This separation must be main- 
tained fairly accurately in the normal range of temperature 
variation. Accordingly, the basin-shaped rotating member and 
its enclosure (which supports the heads) are made of the same 
non-ferrous alloy, so that the radial movements of the track and 
heads, when the structure expands or contracts, are for practical 
purposes identical. 

R, and R, are the two half-track recording heads which record 
the programme on the upper and lower halves of the magnetic 
track respectively, whilst H, I... N, are reproducing heads of 
conyentional design which reproduce the signals from both 
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tracks simultaneously. The output from the reproducing head; 

is suitably attenuated, as described previously, and the relativ; 

displacement of the recording heads, R, and R,, doubles ths 

number of reproduced reflections in the time interval o 

250 millisec in which any part of the recorded track passes from. 
R, to the last reproducing head. 

The head O provides feedback, through suitable amplifiers, tc 
both of the half-track recording heads, but it is made to repro- 
duce, and provide feedback from, one track only. Taking feed- 
back from both tracks through a common head would introduce 
another source of amplitude flutter into the output of the) 
apparatus. This is an instance of flutter arising when feedback 
is taken over two parallel paths, which was discussed in general 
terms in Part 1. The mechanism of the effect in the present 
apparatus is described in more detail in Section 13. 

The head E is an erasing head which removes the signal from 
the medium, leaving it neutral and ready for a new signal to be! 
recorded by the heads R, and R,. All the heads are suitably) 
screened in Mumetal boxes in order to avoid hum and crosstalk, 
and the outside of the basin is screened by a Mumetal ring S 
(except where it is in contact with the driving wheel D) to reduce 
pick-up from motor-drive and power units. 


(12) ELECTRONIC EQUIPMENT 


(12.1) General Scheme 


A block schematic of the arrangement of the electronic equip-. 
ment necessary to enable the delay unit to fulfil the functions | 
previously described is given in Fig. 9. The programme, which | 
may come direct from the microphone chain or from an existing 
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Fig. 9.—Simplified block schematic of artificial-reverberation 
equipment. 


recording, passes into a control unit from whence it proceeds in 
two parallel paths, one straight through to the transmitter or 
other terminating equipment, and the second to the artificial- 
reverberation side chain. From the mixer equalizer, which is the 
first unit in the side chain, the programme passes to the recording 
amplifier with which is associated the normal high-frequency 


illator to\supply bias current. The same oscillator also 
upplies the erase head with the required erasing current. The 
ording-amplifier output passes into the half-track recording 
ds, and the programme is then recorded on the two magnetic 
tracks. The outputs of all eight reproducing heads are fed into 
a reproducing-head mixer which attenuates the separate outputs 
in the desired manner to reproduce a suitable decay curve. 
After suitable amplification in the reproducing amplifier, the 
output of the reproducing-head mixer passes once more into the 
control unit to join the original programme line for feeding to the 
transmitter or other terminating equipment. The final head in 
the reproducing chain (the feedback head) also feeds, through 
another reproducing amplifier, into the mixer equalizer so that 
it is recorded again at suitable level to continue the decay curve 
in the manner previously described. 


(12.2) Amplifiers 


_ The recording amplifier is a conventional two-stage amplifier 
which uses current feedback to maintain a constant-current/fre- 
quency characteristic in the recording heads. 

The two reproducing amplifiers employed in the apparatus are 
identical and follow conventional magnetic-recording practice. 
Special precautions have been taken against hum and microphony. 


(12.3) The Oscillator 


The oscillator, which supplies both bias and erase currents, is 
of the Wien-bridge type and feeds two pairs of valves in push-pull, 
one pair being associated with the recording heads and the other 
with the erase heads. High levels are required in the bias and 
erase signals, and attention has been paid to the reduction of 
even-harmonic distortion in order to obtain a satisfactory noise 
level. Final reduction of noise due to imperfect oscillator wave- 
form is carried out using a small rectified current fed to the 
recording and erase heads in the manner suggested by Stott.!! 


(12.4) Reproducing-Head Mixer Unit 


It has been explained, in general terms, that the reverberation 
time can be controlled by suitable attenuation of the individual 
outputs from each successive reproducing head and from the 
final feedback head. In laboratory equipment, suitable voltage 
dividers may be provided to enable the attenuation introduced 
in each output to be continuously variable so that any required 
rate or shape of decay may be obtained. With equipment for 
operational purposes, however, the careful setting-up which 
would be required becomes impracticable, and the potentiometers 
are replaced by a wafer switch containing banks of fixed resistors. 
The wafer switch installed in the present apparatus has ten 
separate positions, and attenuating resistors are fitted so as to 
provide nine preset reverberation times. The function of the 
tenth position is described in Section 12.6. The attenuating 
resistors must be carefully adjusted so that in each case the 
fall in the amplitude of, the signal reproduced from successive 
heads follows a smooth exponential curve of the type shown in 
Fig. 3(a). Faulty adjustment of these resistors will lead to 
utter effects as illustrated in Fig. 3(b). The reverberation times 
available range from 0-6 to 5sec. 


(12.5) The Control Unit 


When conventional echo-mixing facilities are available, the 
apparatus may be fitted into a normal studio control system in 
recisely the same way as a reverberation room. The control 
init is employed with the artificial reverberation machine when 
such facilities are not available. To obtain the maximum 
signal/noise ratio, the mixing of the direct and reverberant signals 
s carried out at the output of the machine, and by the use of 
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suitable attenuators (and/or faders) the ratio of direct to rever- 
berant sound may be varied over wide limits, in conjunction with 
the available reverberation times on the machine itself, to 
provide the desired subjective effect. Therefore, although the 
artificial-reverberation machine may be employed directly in 
place of a reverberation room in studio control equipment, it 
can, in addition, provide a variable reverberation time which a 
normal reverberation room does not. 


(12.6) Monitoring of Individual Head Outputs 


The use of a wafer switch to provide nine predetermined 
reverberation times has been described earlier. The tenth 
position on this switch, in conjunction with a second rotary 
switch adjacent to the delay unit, enables the output of any 
individual head to be monitored separately. In this tenth 
position of the switch the attenuating resistors in the output 
circuits of the various heads are short-circuited and the individual 
outputs become equal. The second switch within the apparatus 
then enables any one particular head to be monitored. This 
facility is useful in the setting-up and checking of the machine 
and also enables straightforward ‘‘echo,”’ as opposed to “‘rever- 
beration,” effects to be obtained from the machine. The eight 
reproducing heads provide eight set delay times, up to a maximum 
of about 250millisec. The studio control facilities, or the control 
unit with which the apparatus is used, enable the ratio of direct 
sound to echo intensity to be set up as required. 


(13) THE OCCURRENCE OF AMPLITUDE FLUTTER 


The amplitude flutter which can occur owing to the finite 
spacing between reproducing heads has been briefly mentioned 
in describing the multi-track recording system. A very sharp 
impulse of sound, occurring with little or no background of other 
sound, appears in the output of the apparatus with some of the 
qualities of reverberation but with a ‘‘chopped”’ quality which 
lacks naturalness. This occurs when there is a period of actual 
silence between the signals reproduced by successive reproducing 
heads. In a continuous type of sound, or when an impulse is 
heard against a fairly high-level background of other continuous 
sounds, the effect may not be apparent at all because the actual 
amplitude changes involved are of much lower order. The 
effect also becomes less unpleasant as the length of the impulse 
is increased, and when this length becomes larger than the 
maximum spacing between two consecutive heads, the flutter 
disappears. This is because the sound fills in the maximum 
time interval between any two consecutive responses and there 
is no break in the output from the apparatus. For the same 
reason the fiutter disappears when dealing with sounds whose 
frequency spectrum lies below a critical frequency which has a 
wavelength in the recording medium equal to the maximum 
spacing between two consecutive heads. Not unexpectedly, in 
view of the last result, subjective experiments also reveal that the 
flutter is reduced if the impulse has a gently sloping build-up 
and decay. 

The mean spacing of the reproducing heads, in conjunction 
with the multi-track system, is thus the critical factor in avoiding 
the more obvious subjective effects of this amplitude flutter. In 
the present delay unit the mean reproducing-head spacing repre- 
sents a time delay of about 30millisec, so that in the two-track 
system a short recorded impulse will be reproduced at mean 
intervals of about 15millisec. In practice it has been found 
that the earlier reproducing heads, such as H, I and J, which are 
producing the highest level of output, should be closer together 
than the mean spacing. If they are too widely spaced the flutter 
associated with the disappearance of the signal is both of large 
amplitude and low frequency and becomes very noticeable. This 
restriction is less important in the later heads which are repro- 
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ducing at lower level. It is of some interest that the first traversal 
of the delay chain, although it occupies only a total of 250 millisec, 
is so critical in this matter. 

The effect on impulsive sounds is also less obvious if the sound 
is Originating from an enclosure which possesses.some reverbera- 
tion of its own, when the sharp edges of the pulse tend to 
be blurred before reaching the artificial-reverberation machine, 
and the periods of silence between the outputs from successive 
heads tend to get filled up. This is in conformity with the 
observations that the ““chopped”’ effect is less noticeable when the 
impulse is rounded off or is heard against a continuous back- 
ground of sound. It may also be demonstrated, as indicated in 
Part 1, by first feeding the impulsive sounds originating in a 
“dead” enclosure into a small studio of comparatively short 
reverberation time, which provides partial diffusion, before pass- 
ing them to the reverberation machine to obtain the much longer 
reverberation times of which it is capable. 

Amplitude flutter will also arise from any arrangement of 
the feedback system which corresponds to feedback over parallel 
paths of different length. It may arise, for example, if the 
head O feeds back the signal from both tracks, and in this case 
the two parallel paths are from the recording head R, to the 
feedback head and from the recording head R, to the feedback 
head. Ifa sharp impulse of sound is fed into the apparatus it is 
recorded on each track, and the subsequent feedback results in 
four more impulses. It may be shown, as in Section 6.3, that the 
two middle impulses of this set are directly opposite to one another 
on the magnetic tracks, so that they will add, when reproduced, 
to give double the intensity of the impulses on either side. The 
effect is cumulative, so that when these impulses are fed back 
for the second and subsequent times an increasing series of 
evenly-spaced impulses, the amplitude of which rises and falls, is 
produced and there is introduced a noticeable amount of ampli- 
tude flutter. This is eliminated if the feedback head O reproduces 
from one track only, although its output may be fed back into 
both recording heads. In this connection it is interesting to 
observe that at recording speeds of the present order, which 
result in very long wavelengths, the spread of flux from the 
upper half-track is still sufficient-to induce a noticeable signal 
into the half-track feedback head O facing the lower track. A 
Mumetal strip must then be placed immediately above the single- 
track feedback head to divert the unwanted flux from the upper 
track into a path away from the feedback-head core. 


(14) THE OCCURRENCE OF FREQUENCY COLORATION 


(14.1) Reproducing-Head Spacing and Coloration 


The reproducing-head spacing is, as shown, partly determined 
by the requirement that flutter in the apparatus shall not reach 
objectionable proportions. However, the relative spacing can 
also have a marked influence on the occurrence of frequency 
colorations. The distance between any pair of: heads must 
correspond to some recorded wavelength and to a multiple of 
the harmonically-related shorter wavelengths. When the fre- 
quency corresponding to any of these wavelengths is being fed 
into the apparatus the two heads concerned will be reproducing 
exactly in phase, thus giving a maximum combined amplitude 
which depends on the relative attenuations in their output circuits, 
i.e. on the reverberation time chosen. Minima in the response 
will exist, also, when the distance between any pair of heads is 
an odd multiple of a half-wavelength of the frequency being 
recorded. In fact, when any frequency is fed into the apparatus 
the resultant output at some instant later can be represented by 
the vector sum of a set of vectors, each of which represents in 
phase and magnitude the output of one reproducing head. The 
magnitude of each vector, with respect to the other vectors in 
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the set, will depend on the reverberation time chosen and the 

position of the head along the delay chain. The phase of each 

vector will depend both on the position of the head and the 

recorded wavelength. A very large number of randomly-spaced 

heads would provide a set of vectors whose sum varied little with 

wavelength for any given setting of reverberation time, i.e. the! 
frequency characteristic of the apparatus would be flat as regards' 
these considerations. The greater the number of reproducing 

heads in the delay chain the more nearly can this ideal condition 

be approached. In the present machine, using eight reproducing 

heads, the maxima and minima from this cause are fairly 

numerous and closely spaced (as in the frequency response of a’ 
normal enclosure), and noticeable colorations do not arise unless 

two or more pairs of heads near the beginning of the delay 

chain, where the reproduced levels are high, are reproducing in 

phase at the same frequency. This would occur, for example, 
if the distances between the heads H and I and I and J (Fig. 8) 
were related in the ratio 1 : n, where mis a whole number. Then. 
frequencies of recorded wavelength equal to the distance between | 
H and I, or to sub-multiples of it, would be reproduced in phase | 
by all three heads, and there would be a peak in the overall | 
response of the apparatus at this fundamental frequency and its 

harmonics. A suitable arrangement of spacings between the 
heads is adopted to avoid this effect, due regard being paid to 

the flutter requirements previously described. 


(14.2) Recording-Head Spacing and Coloration 


Coloration also occurs when the recording heads, R, and R, 
are recording in phase on the medium, i.e. when the signals on | 
the two tracks are in phase as they arrive at the first and subse- © 
quent reproducing heads. If the coils of the heads, R, and R;, | 
are fed in phase (i.e. in series-aiding) the distance between R, _ 
and R» must represent an integral number of wavelengths in © 
order to produce coloration. If the heads R, and R, are fed 
in anti-phase (i.e. with their windings reversed) the distance 
R,-R, must equal an odd number of half-wavelengths to produce — 
coloration. In the present apparatus R,; and R, are fed in | 
anti-phase, and the distance R,-R, is covered in 19-3 millisec. 
Therefore the fundamental coloration frequency of this arrange- — 
ment is given by 


= 25-9 cycles per second. 


Further frequencies of coloration will arise when R,-R, = 3A/2, 
5A/2, 7A/2, etc., i.e. at 77-7c/s, 129-5c/s, 181-3c/s, etc. Minima 
will also occur in the frequency response from this cause, for 
when the recording-head spacing equals one wavelength (anti- 
phase feeding) the recorded waveforms on the two tracks are in 
anti-phase, so that the two currents induced in the reproducing 
heads will cancel. This particular source of coloration is, of 
course, avoided in single-track working, but then the disadvantage 
of increased flutter (which is more noticeable subjectively) must 
be accepted. In any event, the broad maxima of this effect are 
broken up by the many other variations in the frequency response, 
such as that due to the reproducing heads discussed in the 
previous paragraph, and that due to the position of the feedback 
head, which is now to be considered. 


(14.3) Coloration due to Feedback 


The method of feeding back signals from a reproducing head 
into the recording heads, to enable a long reverberation time to 
be produced from a short-time delay element, necessarily intro- 
duces yet another source of coloration at various frequencies. 
In Fig. 10, R, and R, represent two heads recording on two 
tracks, H is any reproducing head spanning both tracks, whilst 
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O represents the feedback head which is feeding back from the 
lower track only. In considering the origins of reinforcement 
it is convenient to imagine that a steady tone is fed into the 


q apparatus, so that both recording heads will still be recording 
‘tone from the external source when the head O is feeding back 


the reproduced signal into them. Reinforcement then occurs 
when the feedback head returns a signal into R, and R, in phase 
with the signal being fed to them by the external source, i.e. 
when the distance O-R, is an integral multiple of the recorded 

wavelength. Thus maxima in the overall frequency response 
will arise when O-R, = A, 2A, 3A, etc., whilst minima will occur 
when O-R, = A/2, 3A/2, 5A/2, etc., when the signal from O is 
in anti-phase with the external signal entering the recording head. 
This case corresponds to the coloration produced in the tube 
system discussed in Part 1. The degree of coloration, or the 
amplitude of the undulations in the frequency response, depends 
on the level fed back, so that both become more marked at long 
reverberation times. 

The cyclic rise and fall of level with frequency which arises 
from this cause will be superimposed on that due to the recording- 
head spacing discussed previously. It is obviously undesirable 
that maxima due to the two causes should coincide, and the 
position of the feedback head is therefore chosen to provide 
minima at the frequencies at which the disposition of the two 
recording heads provides maxima. This is achieved by making 
the distance O-R, in Fig. 10 an exact odd multiple of the distance 

/R\-R,. Thus at frequencies of 25-9c/s, 77-7c/s, etc., where 
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Fig. 10.—Distances governing occurrence of colorations. 


maxima occur owing to recording-head spacing, the signal fed 
back to the two heads is in anti-phase to that being fed from the 
external circuit. In the present machine the distance O-R, is 
13 times R;-R >, so that maxima (and minima) occur owing to 
feedback at intervals of just under four cycles, with minima 
falling at 25:9, 77-7c/s, etc., as required. 


(15) SEPARATION BETWEEN THE HEADS AND THE 
MEDIUM 

It has been shown that to avoid amplitude flutter in the 
artificial-reverberation system and to make conditions more 
realistic, the time spacing which must be arranged between the 
original sound and the first head “‘reflection,’” or between two 
adjacent reflections, must be as small as possible. 

A given design of reproducing head determines the minimum 
possible distance between the gaps of adjacent heads, and the 
minimum time delay which is required must therefore be achieved 
by a suitable choice of recording speed. From considerations of 
simplicity, cheapness and sensitivity, conventional recording 
heads about lin in diameter were chosen for the present 
apparatus. This dimension, in conjunction with the maximum 
time delay of about 30millisec permissible between adjacent 
reflections, dictated a recording speed of 100in/sec. Any loop 
or rotating surface of conventional size would have to be fre- 

_ quently renewed if recording and reproduction were carried out 
in contact with some 11 heads (such as are used in this system) 
at this speed. Consistency of performance and ease of main- 
tenance thus necessitate out-of-contact working. Various factors 
‘not normally met with in conventional magnetic recording then 
become of importance. The effects of separating the head from 
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the recording medium are most marked in the reproducing 
process, the response at any given wavelength being proportional 
to exp (—27x/A), where x is the separation of the recording 
medium from the pole tips of the reproducing head and A is the 
recorded wavelength. This amounts approximately to a loss of 
55dB of signal per wavelength of separation from the medium. 
At lower speeds such a loss would be very serious, but in the 
present apparatus, where the recording speed is high, the losses 
in the range of wavelengths which are of interest are acceptable. 
This range is determined, as noted in Part 1, by the absorption 
properties of a normal enclosure, which introduce a marked 
attenuation of sound frequencies above about 4kc/s when succes- 
sive reflections take place. In the artificial-reverberation system, 
therefore, the output from the reproducing heads can begin to 
fall as the frequency rises above about 4kc/s. The loss at high 
frequencies which occurs with separation can, in fact, be utilized 
with convenience to provide the required characteristic. 

In the case of the erasing and recording processes, separation 
from the medium means increasing the power fed to the recording 
and erasing heads to obtain the required field strength. Too 
large a separation involves very high power and can result in 
over-heating of the recording and erasing heads. 

Another factor determining the separation chosen arises in the 
manufacturing process, where the limits of accuracy to which the 
disc circumference can be turned and ground set a minimum to 
the spacing. Excessive eccentricity of the disc in its bearing, 
apart from necessitating a corresponding separation, will intro- 
duce an appreciable amplitude modulation of the signal as the 
recording medium approaches and recedes from both the repro- 
ducing and the recording heads. With reasonable care in manu- 
facture the eccentricity of the wheel can be kept fairly consistently 
below 1/5 000in, so that the separation distance could be of this 
order if required. In practice, a figure of 1/1 000in has been 
chosen, which reduces the possibility of damage to the magnetic 
coating in the setting-up process or as wear takes place in the 
bearing, and is satisfactory with respect to the other considera- 
tions discussed. 


(16) FURTHER FACTORS AFFECTING THE OVERALL 
FREQUENCY RESPONSE 

Various factors which affect the overall frequency response of 
the apparatus have been examined in previous Sections, notably 
those concerned with separation and with resonance effects which 
arise from the use of the two recording heads, the many repro- 
ducing heads and the feedback system. In addition, the normal 
factors which determine the overall frequency response in any 
magnetic recording system are present and in some cases in an 
exaggerated form not met with in conventional recording systems. 
These exaggerated effects arise from the high recording speed, 
and hence the long wavelengths, which are employed. For 
example, when the wavelengths become very large compared with 
the size of the reproducing head an appreciable proportion of the 
flux emanating from the recording medium does not proceed 
through the core but flows around the back of the head and so 
does not link with the coils in such a way as to produce a useful 
voltage. In the present apparatus the diameter of the repro- 
ducing-head core is about lin and the wavelength at 30c/s is 
some 3in, so that the effect is becoming important near the 
bottom of the frequency response, resulting in a loss of 
signal/noise ratio. More important, however, are the inter- 
ference effects connected with the structure of the reproducing 
head and screening box. The interference effect which occurs 
in the normal gap of the reproducing head is well known. This 
results in zero output from the reproducing head when the 
effective gap length d is an even multiple of half the wavelength 
being reproduced, and maximum output when the effective gap 
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Jength is an odd multiple of half the wavelength being reproduced, 
for the factor, sin (7d@/A), which determines (approximately) the 
output at shorter wavelengths, is zero when d = A; 2A, etc., and 
unity when d = A/2, 3A/2, etc. In the long-wavelength range, 
which occurs at the lower frequencies, this particular gap (or 
discontinuity in the flux path) ceases to have much significance, 
however, and larger secondary gaps assume importance. These 
secondary gaps are formed by other symmetrical discontinuities 
in the path of the flux entering and leaving the head. Fig. 11 
shows the plan view of a conventional reproducing head con- 


Fig. 11.—Plan view of conventional reproducing head and screening 
cover. 


tained within its Mumetal screening box SS. The Mumetal 
screen is open between A and B in order that the gap G may be 
brought into proximity with the recording medium. When the 
recorded wavelength is much larger than the width G, the spread 
of flux from the tape is considerable so that it enters the core of 
the head not only through the gap G but also through the areas 
between C and G and between G and D. A second effective 
gap, defined by the ends of the coils C and D, can then become 
important, and the opening AB of the screening box may provide 
yet a third effective gap. The frequency response which results 
cannot be equalized by conventional means without serious 
reduction of signal/noise ratio. Now the configuration of the 
delay unit is such that AB must be fairly wide to allow the 
normal gap G, which is the operative gap at short wavelengths, 
to be brought into the required proximity to the magnetic track. 
If the dimensions CD and AB then become roughly equal, the 
two secondary gaps combine to create very marked undulations 
in the response. Conversely it has been found possible to reduce 
the undulations to acceptable proportions by the simple expedient 
of making the lengths CD and AB in the ratio of 2 : 3, when, 
at the lowest frequencies, the minima created by one reduce the 
maxima created by the other, and for the present practical pur- 
poses, satisfactory equalization is achieved. It is found that the 
further widening of the gap AB to conform to this requirement 
does not, in the present design, seriously increase unwanted 
pick-up of hum or other signals. 


Part 3. THE REDUCTION OF FLUTTER EFFECTS 
IN ARTIFICIAL-REVERBERATION SYSTEMS 


(17) INTRODUCTION 


Tn Part | it was shown that an impulsive sound passed through 
an artificial-reverberation system, involving transmission in a 
single dimension, will be heard as a flutter when the successive 
reflections generated in the system are separately audible. This 
effect is reduced in the design of the magnetic system by the use, 
already described, of double-track recording and by careful 
attention to head spacing. Nevertheless, it still remains an 
obstacle to the use of the equipment in connection with some 
types of broadcast programme. 

This Part of the paper deals more fully with the flutter effects 
and describes auxiliary equipment by means of which they are 
virtually eliminated by the interposition of large numbers of 


AXON, GILFORD AND SHORTER: ARTIFICIAL REVERBERATION 


reflections between those generated in the artificial-reverberation; 
equipment. a 


(18) METHODS OF REDUCTION OF FLUTTER 
(18.1) Survey of Possible Methods 


It will be appreciated from the previous discussion that the | 


effects and severity of a flutter arising in an artificial-reverberation 
system depend upon the spacing of the separate reflections. 


of an impulsive sound. 


The problem therefore becomes that of generating a large | 


number of additional reflections, irregularly spaced, to fill the 


intervals between the reflections from successive reproducing © 
This not only follows from the discussion above but is . 


heads. 


% 


It | 
has also been noted that, in the magnetic system, the time interval © 
between reflections is of the order of 15millisec, and at this 

repetition rate it is often possible to hear the successive reflections | 


closely analogous to the problem of ‘“‘flutter echo” in room | 


acoustics. 
will occur in any room having one pair of opposite surfaces suffi- 


It has been known for a long time that flutter echo | 


ciently reflecting. Recent investigations in the B.B.C. Research | 


Department have shown that it is the ratio of the reflection 
coefficient of one pair of walls to that of the other pair which is 


significant; a reverberation room having all its surfaces highly | 


reflecting is free from flutter echo, whereas a highly-damped talks 


studio may cause flutter if the absorption coefficient of one | 


opposite pair of surfaces is lower than about 0-65 times the mean 
of the other pair. A cure may be effected in this case either 


by reducing the absorption coefficient of the more highly absorb- 
ing walls, or by increasing that of the reflecting pair, until equal 


reflections are obtained from all three directions. 

It follows that the most promising method of introducing the 
required additional echoes is to make use of actual reflections 
from the inside walls of a room or box, thus adding the effect of 
two more dimensions. The requirement that there should be 
numerous reflections within a time limit of 15millisec implies 


that the room should not be very large, but too small a space is 


also undesirable owing to the probability of severe colorations. 


(18.2) Reduction by Interposition of Room Reflections 


A preliminary design experiment made use of rooms of 
1 000-2 000 ft? in volume, the original sounds being radiated into 
the room by means of a high-quality loudspeaker and picked up 
by a moving-coil microphone in one corner of the room. The 
output of the microphone, consisting of the original signal and a 
series of reflections from the six walls, was then passed to the 
magnetic reverberation equipment. A small reverberation room 
with a mean reverberation time of 3sec and an experimental 
talks studio of 0-35sec reverberation time were found to be 
equally effective in suppressing the flutter, but only the talks 
studio was sufficiently free from colorations. From previous 
study of coloration in talks studios, it was judged inadvisable 
to reduce the room dimensions or to increase the reverberation 
time to any great extent. The addition of a normal-sized room 
to the artificial-reverberation equipment, however, would clearly 
offset many of its advantages, and indeed, for many purposes 
render it superfluous. Other means of providing short-term 
reflections within a small space of time without adding serious 
colorations were therefore sought. 


(18.3) Heavy-Gas-Room Model 


The minimum permissible dimensions of the room, being 
dependent on the wavelength of the sound, are reduced if the air 
is replaced by a medium in which sound travels more slowly. 
The only media having sound velocities substantially lower than 
that in air are gases, notably radon (0-38 of that in air), chlorine 


(0-64), krypton (0-59), xenon (0-47), sulphur hexafluoride (0-45) 

and a few organic gases (down to 0-49). In no instance was the 

Teduction in velocity, and therefore room dimensions, sufficient 

‘to justify further consideration of this method. 

‘ (18.4) Flat Model 

_ Two other methods were accordingly tried, both of which may 

_be regarded as practical solutions to the problem. In the first, 
“the room was replaced by a flat rectangular cavity in which two 
‘of the dimensions were comparable with living-room dimensions, 
‘but the third was only 10cm. The wanted reflections were 
‘provided by the four narrow walls of the cavity, cross-reflections 
between the two large walls having little effect. This form of 
construction requires less space than a room with three com- 
parable dimensions; it could be built in the form of a cavity wall 
between two rooms. 

_ The reverberation time of the laboratory model was adjusted 
to a value of 0:3sec at all frequencies within the range 100- 
5 000c/s, and the positions of the loudspeaker and microphone 
were chosen by listening tests to give minimum coloration. 
The performance was tested thoroughly using pulses of tone, 
impulsive noises, octave bands of white noise, speech and musical 
programmes. It was found to be almost entirely successful in 
eliminating flutter effects, and was fairly free from serious 
colorations. 


(18.5) The Ultrasonic Reverberation Tank 


The second practical method!2 to be developed was to replace 
the echo room by a small tank filled with water, and to transmit 
the programme through the water in the form of a modulated 
carrier. By this means the wavelength of the signal in water 

could be reduced to a small fraction of the dimensions of the 
tank, and simple standing-wave systems avoided. A full 
description of the equipment, which is now undergoing trials 
in the Sound and Television Services in conjunction with the 
artificial-reverberation apparatus, follows in the next Section. 
Its performance is better than that of the flat model, and it has 
‘the additional advantages of transportability and adaptability. 


(19) THE ULTRASONIC REVERBERATION SYSTEM 


(19.1) General Description 


Fig. 12 is a block schematic, and Fig. 13 a photograph, of the 
first complete equipment. The original signal is separated into 
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two parts, one going through a 250c/s low-pass filter to the out- 
put mixer, the other passing through a complementary high-pass 
filter to the ultrasonic system before reaching the mixer. The 
reason for this will be made clear. After modulation of the 
carrier signal by the programme, the upper sideband only is 
selected and fed to a barium-titanate transducer dipping into 
water contained in a glass tank, through which it is transmitted 
as ultrasonic wave motion; a similar transducer reconverts this, 
together with numerous reflections from the sides of the tank, 
into electrical signals. Finally, the output of the tank is demodu- 
lated by the receiver and recombined by the mixer with the low- 
frequency part of the original signal, before passing to the 
artificial-reverberation apparatus. If desired, the ultrasonic 
system may be introduced at the output of the reverberation 
apparatus instead of the input as here described; the effect is the 
same, and the position may be decided solely from the standpoint 
of engineering convenience. 


(19.2) The Acoustics of the Ultrasonic Tank 


The main design features of the tank were determined by the 
requirement that the whole reverberation system should be 
transportable, and preferably that it should be accommodated 
in an ordinary apparatus bay. For the system to be reasonably 
free from the worst standing-wave effects, the greatest wavelength 
of the sound in the tank should be small in comparison with 
the smallest dimension. If the tank were filled with air, the 
lowest permissible frequency would be of the order of several 
thousand cycles per second. A carrier system is clearly indicated 
as the only means of making a substantial reduction in wave- 
length, and in order to avoid acoustic interference from its 
surroundings, including the moving parts of the reverberation 
apparatus itself, the transmitted band should be outside the 
audio-frequency range, say above 15kc/s. At this frequency the 
attenuation of sound in air, which increases as the square of the 
frequency, already limits the possible reverberation time to 
approximately 0-4sec, and at the upper limit of the band the 
highest possible time would be 0:2sec. Any absorption of 
sound by the walls would reduce the reverberation time to lower 
figures. Furthermore, in order to obtain a flat response over the 
required band of frequencies, it would be necessary to use piezo- 
electric transducers without appreciable tuning; the insertion loss 
would therefore be large, and it would be difficult to achieve a 
good signal/noise ratio. For these reasons, it was decided to 
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Fig. 12.—Block schematic of ultrasonic reverberation tank chain. 
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Fig. 13.—Ultrasonic reverberation tank apparatus. 


use water as the transmission medium in the tank. The attenua- 
tion loss in water is only one-eightieth of that of sound of the 
same wavelength in air, and by good design the insertion loss 
of the two transducers with a water path between them may be 
made very small. The velocity of sound in water is, however, 
about 4:3 times that in air, and it is thus necessary to increase 
the frequency in the same ratio to obtain the same wavelength. 

The tank at present in use is a rectangular glass. accumulator 
vessel, with a base measuring 30cm = 20cm and a height of 
50cm to the surface of the water. A carrier frequency of 80kc/s 
was chosen, thus permitting the use cf tuned crystal transducers 
of convenient size. 


(19.3) Standing-Wave Systems and Reverberation in the Tank 


At this frequency the wavelength of sound in water is approxi- 
mately 2cm, giving ten wavelengths across the smallest dimension 
of the tank. The total number of possible normal modes in a 
500c/s bandwidth on either side of this frequency is 320—a 
- number of the same order as that in the band 0-500c/s in a room 
and sufficiently large to ensure that they would be too close to be 
separately distinguishable if all were of comparable significance. 
Mayo’s work,!3 however, shows that the harmonics of the axial 
modes will be very much more important than any individual 
tangential or oblique modes, and in an ordinary room they are 
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the only audibly significant modes. The remaining modes in Q 
room do, however, serve a uSeful purpose in acquiring and dissiJ 
pating some of the reverberant energy which would otherwise be 
concentrated in the axial modes, with the result that the colora- 
tions in a room are less severe than those heard from a combina- 
tion of three delay systems as described in Section 7.2. 

With the ultrasonic tank, the axial modes may be shown to be 
relatively more important than with the room, but they are more 
widely spaced within the frequency band, and it is found that the! 
colorations may be made small by choice of transducer positions. 

Reflection of the sound at the outside surface of the tank is 
almost complete, owing to the great differences between the 
characteristic resistance of the glass or water and that of the air 
outside, and since the attenuation in water is so small, the present: 
reverberation time of 0-3sec was very easily attained. By 
attention to detail, much higher values are possible. Materials. 
other than glass would be equally satisfactory for the container; 
a galvanized iron cistern sprayed with a high-gloss paint was used 
for the early experiments giving reverberation times up to 0: 75sec, 
and a non-corroding thin sheet metal will be used in future 
versions. 


(19.4) Distortion due to Double-Sideband Modulation 


In the first experimental system, the 80kc/s carrier was ampli- 
tude-modulated by the a.f. signal, giving double sidebands 
(74-86kc/s). This resulted in a very serious distortion, similar. 
to the selective fading heard on long-distance radio transmissions, | 
because the two sidebands corresponding to any given frequency) 
reached the receiving transducer with different phases and ampli- 
tudes. It was therefore decided to change to single-sideband_| 
modulation, and the adoption of this system as described resulted | 
in acceptable transmitted quality. 

Experiments were also made on the reduction of calénation| 
by the use of rectangular projections on the walls of the tank. 
The results were promising, and diffusers of this type will be 
incorporated in the sheet-metal tanks now being designed. 


(19.5) The Transmission Chain 


The required frequency range of the ultrasonic tank is limited 
at both ends. The upper limit need only be high enough to. 
correspond to the highest frequency transmitted by the rever- 
beration apparatus with which it is used. The lower limit is 
chosen from a consideration of the spacing between the repro-. 
ducing heads of the magnetic-recording apparatus. Flutter is_ 
heard only when the duration of a sound is short in comparison: 
with the time spacing between the heads, and it follows that the 
lower-frequency spectral components of the sound, which have: 
periodic times comparable with the spacing of the heads, do not. 
contribute to the flutter. On the other hand, they are affected 
by any remaining colorations due to the ultrasonic tank, and 
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Fig. 14.—Frequency characteristic of ultrasonic system. 
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it is the low-frequency colorations which are invariably the 
most obvious and persistent. The low-frequency components of 
the incoming programme are therefore separated from the rest 
by the low-pass and high-pass filters shown in Fig. 12, the low- 
frequency components being transmitted through a side chain 
and recombined with the high-frequency components after they 
have been through the flutter-suppressing equipment. 

The output of the 250c/s high-pass filter is fed to a balanced 
ring-modulator supplied with 15kc/s tone from an oscillator in 
the same chassis. The modulated output consists of two side- 
bands, the upper sideband, 15-25-25kc/s, and the lower one, 
5-14-75kc/s, together with any remaining carrier which has not 
been completely balanced out. The 15-25-25 kc/s band-pass filter 
selects the upper sideband, which is passed to the second modu- 
lator where it modulates a 65 kc/s oscillation generated in the same 
chassis, giving sidebands at 80-°25-90kc/s and 40-49-75 ke/s. 
The latter is removed by the 80-90kc/s band-pass filter. 

The two-stage modulation was adopted in the prototype 
equipment because single-stage modulation would, of course, 
have given a lower sideband extending up to 79-7Skc/s. To 
remove the 80kc/s carrier and the sideband from 79-75kc/s 
downwards without affecting the lower end of the upper sideband 
would require the development of a special quartz-crystal electro- 
mechanical filter giving an extremely sharp cut-off. It was 
possible, however, to design an electrical filter using Ferroxcube 
inductance cores to perform the same operation, provided that 
the carrier frequency was not higher than about 15kc/s, and the 
double modulation system was therefore used as described. The 
limitation of the frequency band to 250c/s at the lower end had 
the additional advantage of simplifying the design of this filter. 

The output from the receiving transducer is passed to the 
‘receiver (Fig. 12), to which is also fed in correct phase an 
80kc/s carrier derived from the 15 and 65kc/s oscillators, and 
the resulting a.f. signal passes to the output mixer. The fre- 
quency characteristic of the whole chain is shown in Fig. 14. 


(19.6) The Transducers 


' The transducers consist of tubes of barium titanate, each 
having inside and outside diameters of 1-905 and 2-540cm. 
Their lengths, approximately 2:3cm, were adjusted by grinding 
to give staggered resonance frequencies of 84 and 86kc/s 
respectively, thus flattening the overall response of the system. 
The inner and outer curved surfaces of the crystals are silvered, 
and contact is made by spring pressure and soldering respectively 
at points on the transverse plane of symmetry, as shown in Fig. 15. 
A radial field thus applied causes changes of length by the Poisson 
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Section through barium-titanate transducer. 


‘effect. The tube is mounted in a watertight container, one end 
being held by light spring pressure against the diaphragm 
through which the vibrations are transmitted. These transducers 
are very well matched to the water, the combined insertion loss 
being of the order of 10dB. 


AXON, GILFORD AND SHORTER: ARTIFICIAL REVERBERATION 


639 


(20) GENERAL CONCLUSION 

The discussion in the paper has underlined many of the tech- 
nical difficulties which must be overcome in order to provide an 
artificial-reverberation system, other than a reverberation room, 
giving realistic quality. When these technical difficulties can 
be surmounted a choice is available between a reverberation 
room and some form of artificial-reverberation system involving 
one or more delay channels. If long reverberation times are 
required the reverberant room itself must be of fairly large 
dimensions, and there is therefore great economic advantage to 
be gained by installing a comparatively small delay system and 
using the room space for other purposes. This economic 
advantage may be very great where broadcasting premises are in 
densely populated areas such as Central London, where rateable 
values are high and the possibilities of expansion are limited. 
If a choice is made in favour of an artificial-reverberation system 
using delay channels, consideration must be given to the type of 
delay system which is to be adopted. In Part 1 a description has 
been given of a delay mechanism consisting of an acoustic tube. 
A performance adequate for some types of programme can be 
obtained with this system whilst still maintaining the bulk and 
capital cost of the apparatus within reasonable limits. A com- 
pletely general application of this form would, however, require 
an increase of the bulk of the acoustic tube, and of the com- 
plexity and cost of the apparatus associated with it, to a degree 
where the economic advantages of the artificial method would no 
longer be very marked. A rather smaller and more convenient 
form of delay mechanism is required, and, as shown, a magnetic 
recording system can be designed to fulfil this function. With 
this system, comparatively long reverberation times may be 
obtained with a delay unit of small bulk. The unit may be 
designed without unreasonable complications to reduce the 
fundamental amplitude flutter to proportions which make it 
acceptable on a very wide variety of programmes. There are 
still some limitations, however, and the machine described in 
Part 2 has not proved entirely suitable when used alone in drama 
productions, when much reverberation has to be added to 
the output from a fairly dead sound broadcasting studio. To 
meet this situation, however, the ultrasonic reverberation system 
has been developed to work in conjunction with the artificial- 
reverberation machine. The reduction of residual amplitude 
flutter by this means seems to hold great promise. Moreover, the 
ultrasonic tank is of small dimensions, and together with its 
electronic equipment, it can be mounted in a common cabinet 
with the magnetic recording system. This is possible if the 
height of the 5ft cabinet in which the apparatus is housed is 
increased by only some 2ft. 

It would seem, therefore, that the combination of these two 
equipments may find increasing application in the broadcasting 
service. 

Operational experience with the magnetic-recording reverbera- 
tion machine alone is now quite extensive in the Television 
Service, and it is used regularly on all types of programme 
except when ‘“‘cathedral’’ or exceptionally delayed echo effects 
are required. Here the amplitude flutter becomes noticeable, 
but information is not yet available as to the influence which 
the ultrasonic unit may have on this restriction. In sound 
broadcasting less operational experience is available, but the 
machine has proved successful on musical programmes. Of 
some interest is its use to increase the brilliance or reverberation 
in certain sections (e.g. the strings) of light orchestras to give 
novel effects of orchestration. 

The machine is also employed in other roles not concerned with 
immediate transmission. In feature and survey programmes, for 
example, composite dubbings are frequently prepared using direct 
recordings from various sources in which the original reverbera- 
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tion conditions were widely different. Comment or announce- 
ments may also be required to be inserted between the various 
excerpts from the originals. Experience has shown that a wide 
variety of reverberation conditions occurring in the course of 
such a composite recording may have a disturbing and unrealistic 
effect. The reverberation machine is then useful in equalizing 
the various reverberation conditions in the make up of the 
programme. 


(21) ACKNOWLEDGMENTS 

The authors wish to acknowledge the contributions made by 
other members of the B.B.C. Research Department to the 
development described in this paper, and in particular, the 
work of Messrs. E..S. Burnett, H. D. Harwood, C. Henocq, 
W. I. Manson, R. A. Ticehurst and F. L. Ward. 

The paper is presented by kind permission of the Chief Engineer 
of the British Broadcasting Corporation. 


(22) REFERENCES 


(1) ReTTINGER, M.: ‘“‘Reverberation Chambers for Re-Record- 
cording,” Journal of the Society of Motion Picture Engi- 
neers, 1945, 45, p. 350. 


DISCUSSION BEFORE THE RADIO SECTION, 9TH MARCH, 1955 


Dr. G. F. Dutton: I am very glad to see a paper dealing with 
this very old established problem of artificial reverberation. 
Since the introduction of the microphone into the science and 
practice of sound recording and transmission, the listening 
public has voiced its opinion on the amount and character of 
the reverberation. The lay public can discuss it at length, 
because it is a matter of individual taste and requires no special 
knowledge of music or artistic training to argue on the point. 
It is simply a question of like or dislike, and because of this, 
opinion may be somewhat swayed by the prevailing fashion. 

The authors have laid down certain rules which give the 

preferred characteristic, but it might be worth while attempting 
to state the reasons for the desire on the part of the listener for 
reverberation. The listener prefers some reverberation because 
he likes to hear some continuity of sound and to have some 
response from the studio. In general, however, the golden rule 
is that reverberation should be heard but not noticed. 
’ There is no doubt that a better performance can be obtained 
on orchestral recordings or transmissions of recordings in an 
acoustically correct environment. Under these conditions the 
orchestra is encouraged to give of its best. Artificial reverbera- 
tion could serve a very useful purpose, however, in correcting 
studio reverberation faults and adding effects for dramatic 
performances. 

The reverberation-chamber or echo-room method of studio 
correction encounters many difficult problems, as the authors 
have clearly stated. All delay methods introduce transducers in 
the system, with their attendant problems. An echo room 
supplies one reproduction from the loudspeaker, whereas the 
acoustic-delay tube and the magnetic-delay systems supply 
many cycles of recording and reproduction. For instance, if 
the delay time is 30 millisec and the reverberation time is 2sec, 
the number of re-recordings will be over one hundred. For- 
tunately the level of these recordings is sufficiently low so that 
distortion can be made negligible. 

There is, I think, a tendency in the paper to underestimate the 
importance of the higher frequencies in artificial reverberation 
required for studio correction. For this purpose, the frequency 
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range should extend to 10kc/s, and it may well be that the correc- | 
tion required forms a characteristic rising with frequency. 

The effect of wow and flutter on the magnetic-delay system is 
not treated in the paper, but I imagine that it is not a serious 
problem. 

Since the paper was published and IJ have seen in it the state- 

ment that the equipment was being used continuously on tele- 
vision programmes, I have listened to several programmes, the — 
character being such that I would have expected the producers to | 
useartificialreverberation. There was one vocal item in the ‘‘Quite | 
Contrary’ programme which I think was spoilt by reverberation 
of a drain-pipe character. The long period of this reverberation 
seemed to bear no relationship to the sound one would naturally 
expect from a close-up view of the singer. On the other hand, 
I listened to the Vienna Choir and could not detect any added. 
reverberation. I personally would have preferred a long singing 
quality in the reverberation on this item, but perhaps the equip- 
ment was not being used in this particular programme. 

The method of magnetic delay described by the authors should 
be an invaluable. research tool for investigating studio acoustics, 
particularly on the psychological side. 

Mr. P. Bate: In the field of television I deal with a number of 
orchestral programmes for an audience who subconsciously 
desire—indeed demand—something approaching concert-hall 
acoustics, or what they imagine concert-hall acoustics to be. 
For economic reasons and so on, we are faced with the prospect | 
of using regularly for that type of programme a fundamentally 
unsuitable studio. Therefore we must do our best to improve 
it in relation to what we feel to be right and what the audience 
demands. This apparatus represents a great step forward in 
that direction. 

The authors state that the assessment of sound quality is 
ultimately a matter for the ear only, i.e. it is a subjective matter. 
Is there any comparative method of measuring or tabulating a 
consensus of opinion among users and audiences such as those I 
try to serve? It would be of great value if something in reason- 
ably compact and usable terms could be devised—or indeed has 
been devised. Would it not be equally useful as a guide to 


{ 
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‘development engineers and those concerned with meeting our 
‘practical problems ? 

Dr. R. C. G. Williams: The average popular recording consists 
of orchestration, vocalist, sound effects and artificial reverbera- 
‘tion, and the art of the producer is to obtain the mix of these 
ingredients which will produce the most pleasing overall result. 
Most recording companies still use echo chambers to obtain 
their reverberation effects. As the authors have indicated, these 
are inherently inflexible, and we are indebted to the authors for 
an excellent piece of analytical research into reverberation as 
well as developing apparatus which provides such a wide degree 
of control and adjustment. Their work makes available to the 
record producer a new tool of general application which will 
enable him to use the degree of reverberation of his choice, 
either for realism or for effect. 

An important distinction between reverberation applied to 
broadcasting and to recording now becomes apparent. For 
broadcasting the performance is usually “‘live,” and reverberation 


if used must be superimposed during transmission, but for 


\ 


‘recording it can, and in fact normally is, added afterwards 
between the original tape recording and the cutting of the acetate 
master record, in the same manner as is used for other back- 
ground effects. In addition, the amount of reverberation and 


the frequency range over which it is applied can be worked out ° 


without undue haste on a “‘trial-and-error’” basis. This rather 
weights the scales in favour of echo chambers for recording, 
Since they can be built or halls can be hired in a remote location 
or at a time when cost is at a minimum. 

Would the authors comment on this point and perhaps give 
something of their experience when starting up this work and 
when they were investigating the echo chambers then in use? 
In particular, does their organization use artificial echo effects 
on recorded programmes as a subsequent addition, in the same 
way as is done in the gramophone record industry? 

I remember the first occasion on which I noticed artificial 


reverberation in a television broadcast of a well-known woman 


required characteristics. 


vocalist. It was perhaps particularly obvious to me, since I had 

‘become accustomed to the difference between performers’ voices 
as heard over the air and as normally recorded. Whatever may 
‘be our personal views on the professional ethics of a deliberately 
unnatural recording, it is this “treated’’ voice which the public 
associates with the performer through records, and I would 
suggest that some co-operation in this respect between the 
recording industry and the broadcasting authorities might be 
of value. 

Mr. W. H. Livy: In my opinion, with this system the rever- 
berated sound is very much more noisy, and the background 
noise is considerably higher than that of the ‘‘dry’”’ sound. What 
degree of noise increase is generated by the system? 

Furthermore, the sound is somewhat distorted, particularly in 
the higher frequencies of the reverberated sound. What increase 
in distortion is produced by the system? These two points can 
be grouped together by giving a figure for the signal/noise ratio 
of the reverberation channel for a specified distortion content in 
the output. 

_ Mr. G. Corran: Is the performance diagram based on practical 
tests or theory? If the latter is the case, could the authors state 
how closely the figures agree with observed results? 
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Reverberation rooms usually conform to conventional shapes, 
for obvious reasons. Have the authors any information on the 
use of a spherical echo chamber ? 

The separation of the recording and reproducing heads from 
the magnetic surface in the magnetic recording delay unit is very 
critical. Has any difficuity been experienced in maintaining the 
correct clearances on these heads? 

Could the authors give a figure for the signal/noise ratio 
obtainable on the magnetic delay unit and on the ultrasonic 
reverberation equipment ? 

Mr. F. Williams: The system has been used on television 
broadcasts for some time. or musical programmes on tele- 
vision it has a great application, since many television studios are 
necessarily rather dead acoustically. They must be, since, in 
order to keep the microphone out of view on speech, it has to be 
used at a greater distance than in corresponding conditions in 
sound studios. If the studio were reverberant, the speech would 
be more reverberant than would be acceptable. 

In sound broadcasting, on the other hand, one tries to arrange 
for music to be played in a studio which has the best reverberation 
for that size of orchestra. Therefore, the application of artificial 
reverberation on music in purely sound broadcasting is not the 
same as in television. However, there is an application for 
special effects on music when one wants to bring out a parti- 
cular section of the orchestra or to get over special effects on 
solo instruments. 

For music the apparatus is found quite acceptable. For 
drama, however, in our experience the prototype model is not 
yet perfect. There is still, in spite of the addition of the ultra- 
sonic tank, a sensation of flutter with pistol shots and other 
such impulsive sounds. Do the authors anticipate that develop- 
ment can be carried to the point at which the machine would 
in fact be completely acceptable for that type of sound required 
in dramatic productions? 

How does the cost of the equipment compare with the normal 
reverberation chamber? The authors have drawn attention to 
the problem of economics, and it does. apply particularly in 
built-up areas like London, where the cost of land is high. 
Even so, these reverberation chambers can be located in basement 
areas which are not so valuable. They are simple and there is 
nothing really to go wrong with them. A really well-propor- 
tioned room can give an acceptable reverberation on almost any 
type of programme. 

Such a room could have dimensions of, say, 20 x 15 x 12ft. 
That type of room can be made to give, for dramatic productions 
and also for many types of music, a really good reverberative 
sound which is preferred by many drama producers to the type 
of sound which they get from this reverberation equipment. 
The sound from the equipment is rather synthetic. Subjectively, 
the reverberation time does not seem to be as long as it is 
theoretically calibrated to be. It does not seem to be quite so 
“full-blooded.” 

One reason for this may be that the apparatus has been 
designed for a reverberation characteristic which is truly 
exponential. Would it be better if the decay characteristic were 
such that the level of energy was “held up” rather above that 
exponential curve and then dropped somewhat more suddenly, and 
by that means could we get arather more “full-blooded” effect ? 


THE AUTHORS’ REPLY TO THE ABOVE DISCUSSION 


Dr. P. E. Axon, and Messrs. C. L. S. Gilford and D. E. L. 
Shorter (in reply): We would agree with Mr. F. Williams that 
the ideal solution to the problem of providing optimum rever- 
beration is to construct studios which have in themselves the 
We are, however, unable to support 


his optimistic appraisal of the use of reverberation rooms in 
meeting the situation when a suitable studio is not available. 
It was, in fact, a realization of the disadvantages of this 
form of artificial reverberation which led to the developments 
described in the paper, and which has stimulated similar research 
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on the Continent and in the United States. Mr. Williams 
implies that a correct proportion of dimensions of the rever- 
beration rooms is sufficient for a satisfactory effect. The 
principal shortcomings of reverberation rooms arise from their 
small dimensions in relation to the size of enclosure they are 
intended to simulate. This results in too wide a spacing of the 
mode frequencies and an absence of long-path reflections. A 
highly reverberant room of the suggested dimensions of 
20ft « 15ft x 12ft would, in fact, sound more like a wash- 
room than a large studio. The apparatus would not be 
improved by departing from an exponential decay, since this is 
one of the desirable characteristics of studios and reverberation 
rooms alike. Moreover, the general trend of the decay in any 
simple linear system employing feedback must be exponential, 
for the signals circulating in the delay loop suffer equal amounts 
of attenuation at regular intervals of time (Section 6). A com- 
bination of several such systems having different reverberation 
times could provide a rate of attenuation greater at the start than 
at the end of the decay, but the converse effect suggested could 
not thus be achieved. There is no doubt that apparatus could 
be developed in which the flutter effect on transient sounds was 
even less noticeable than in the present combination of the 
magnetic-recording delay unit and the ultrasonic tank. The 
most promising line of development is a fairly large increase in 
the size of the latter. Comparisons of cost of the present equip- 
ment and of reverberation chambers are difficult. It is impos- 
sible to generalize about the value of rates, rents and other 
overhead charges without knowing the situation and functions 
of the building in which the room is located, but in most large 
cities even basement premises are at a premium. The structural 
work required to produce a sound-insulated reverberation room 
in an existing, or proposed, building is very expensive since it is 
necessary to provide very thick or double walls and protection 
against structure-borne sound from other parts of the building. 
Such comparisons as we have been able to make have shown 
that the first cost of artificial-reverberation apparatus of the type 
described is much less. 

A spherical reverberation chamber, as suggested by Mr. 
Corran, has been used in the film industry and is reputed, rather 
surprisingly, to have been satisfactory. The lower modes of 
a spherical space are widely separated and one would expect 
them to be very obtrusive. 

In reply to Mr. Bate, it is not easy to establish a consensus 
of opinion on concert-hall acoustics owing to the variations of 
judgment encountered. However, some systematic investiga- 
tions have been made recently,* and good agreement appears 
to exist regarding the optimum reverberation time for classical 
orchestral music. 


* SOMERVILLE, T.: ‘“‘Subjective Appreciation of Concert Halls,” B.B.C. Quarterly, 
1953, 8, p. 125. 
Kuut, W.: ‘‘Nachhallzeit Grosser Musikstudios,” Acustica, 1954, 4, p. 618. 
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Dr. Dutton suggests that it is incorrect to allow the frequency 
characteristic of the reverberation apparatus to fall at above) 
5kc/s. However, in actual large auditoria the reverberation) 
characteristic falls sharply above this frequency owing to the 
high attenuation of high-frequency sound in air. 
to raise the higher-frequency response of the apparatus, but 


various design figures, chosen in relation to the natural charac- 


teristic, would have to be altered if any radical departure were 
required. It may be noted, however, that those early reflections 


in an auditorium which reach the listener with little high- 
frequency loss could be simulated, if desired, by an additional | 


delay system having no feedback but transmitting the full 
frequency range. 


simple and the recording speed is high. 
The effect of repeated recordings is not so serious as Dr. 
Dutton’s example would suggest. 


it calls for a loop loss of only 0-9dB. In the magnetic system 


Wow and flutter are not a serious problem — 
in the magnetic-delay element, for the mechanical system is fairly | 


His figure of 30 millisec for ™ 
a 2 sec reverberation time represents a condition which is unlikely | 
to obtain in any workable arrangement (see Section 6.1), since | 


It is possible . 


described, the overall delay is 250 millisec, and the corresponding ~ 


number of re-recordings would be less than one-eighth of that 
suggested. 

We must correct Dr. Dutton in attributing to us the statement 
that the equipment was being used “continuously.”” We have 
stated that it is used “‘regularly,”’ i.e. on all current programmes 
in which the producers consider it necessary and suitable. As 
regards Dr. Dutton’s complaint that a close-up view of a singer 
had not a natural sound associated with it, we can only disclaim 
responsibility and state that it has never seemed to us to be a 
prime aim of singers in the modern idiom to make themselves 
sound natural. 

With reference to the increased noise and distortion which 
Mr. Livy claims to detect, the conditions under which these 
quantities are measured (or heard) must be carefully specified. 
In practice, the values must depend on the reverberation-time 


setting and the ratio of reverberant to direct sound from the — 


studio. The reverberation chain can then only contribute a 
limited percentage to the final distortion and noise content of 
the output. Figures for comparison with normal recording 
equipment may be provided if the output of one reproducing 
head of the delay element is investigated. Under these con- 


ditions the total harmonic distortion of a 1ke/s tone fed to the | 


machine at peak level is less than 2% and the signal/noise ratio 
about 50dB. A similar value of signal/noise ratio is achieved 
in the ultrasonic tank. 

The apparatus has been used in a similar role to that described 
by Dr. R. C. G. Williams for the make-up of feature and survey 
programmes (Section 20). 
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SUMMARY 


The paper is concerned with the measurement of subjective thresholds 
of the unwanted pitch and amplitude fluctuations which occur in the 
reproduced output of all types of sound recording systems. The pitch 
fluctuations are commonly known as “‘wow”’ or “flutter,” and new 
equipment is described for generating controlled fluctuations of this 
type in musical or other programme signals. The threshold measure- 
ments thus made possible are more realistic than those hitherto avail- 
able, which have been related only to frequency fluctuations in test 
tones. The generation and threshold measurement of controlled 
amplitude fluctuations are also described, since amplitude and fre- 
quency fluctuations commonly occur together. The results obtained 
enable frequency weighting characteristics to be defined which can be 
incorporated into instruments measuring the magnitude of the un- 
wanted amplitude and frequency fluctuations in practical systems. It 
is shown that such instruments may then approximate to an ideal, 
subjectively weighted measuring device which, when threshold value 
is reached, will give the same indication irrespective of the type and 
frequency of the fluctuation measured. 


(1) INTRODUCTION 


The aural effect of the unwanted pitch fluctuations which occur 

in the reproduced output of all types of sound recording systems 
is well known. These fluctuations, which are usually described 
as ““wow”’ or “‘flutter’’ according to the frequency range in which 
they occur, arise from various mechanical imperfections in the 
‘recording and reproducing systems. In disc recording the 
possible imperfections include small eccentricities in the driving 
‘system, eccentricity of the disc upon the turntable and lack of 
flatness in the disc surface. In magnetic recording the imper- 
fections may consist of eccentricities in the driving system and 
of changes in tape speed due to frictional variations. All such 
factors result in periodic or random differences, or both, between 
the speeds of the recording medium in the recording and 
reproducing processes. In a recording machine a temporary 
departure from correct speed results in a change of recorded 
wavelength, which, on subsequent reproduction at correct speed, 
appears as a temporary change of pitch in the reproduced signal. 
In a reproducing machine a temporary speed change again results 
in a pitch fluctuation as the previously established waveforms 
move past the reproducing head at a rate different from that in 
the recording process. | A characteristic of this process of fre- 
quency modulation is that all component frequencies of the 
recorded signal undergo an equal percentage modulation at the 
same time. 

It is well known that these pitch fluctuations are, in practice, 
generally accompanied by amplitude fluctuations. In the work 
described tests have therefore been included on the subjective 

discrimination of amplitude fluctuations, to determine the influ- 
ence of this factor on the final results. The information gained 
will be useful in the specification of permissible tolerances for 
pitch and amplitude fluctuations in recording equipment, a 


i Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
Mr. Stott and Dr. Axon are with the British Broadcasting Corporation. 
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measure which is desirable for promoting general improvement 
in recording-system performance both in manufacture and in 
programme exchanges in broadcasting. 

Experiments to determine the listener’s sensitivity to pitch 
fluctuations necessitate the generation of wow and flutter under 
controlled conditions. In general, any type of pitch fluctuation 
may be introduced into a tone by appropriate alteration of some 
element in the oscillator circuit. No similar method is known 
by which an equal percentage frequency modulation of all the 
component frequencies of a complex programme signal can be 
effected, which is the practical characteristic previously described. 
A recording system, in fact, remains the practical method of 
meeting this requirement. However, in generating intentional 
pitch fluctuations by mechanical means, as opposed to electronic, 
a fundamental difficulty arises in eliminating the fluctuations 
inherent in the generator itself. For example, a good magnetic 
tape recorder might be used in which the driving shaft is made 
eccentric intentionally so that a periodic speed fluctuation is 
introduced into the recording. The record thus made might be 
reproduced on another good machine in which the driving shaft 
is true, with the result that a periodic pitch fluctuation at the 
frequency of the recorder driving shaft will appear in the output. 
On this periodic fluctuation, however, will be superimposed any 
other random and periodic fluctuations arising in the recording 
and reproducing machines. Experiments carried out in this 
manner could not therefore be said, without positive supporting 
evidence, to provide an accurate assessment of the subjective 
effect of the driving shaft fluctuation alone. In addition, of 
course, the provision of a wide range of fluctuations (in both 
magnitude and frequency), by this or similar means, would 
involve excessive labour. For these reasons the mechanical 
problems have hitherto forced investigators to use purely elec- 
tronic methods, and this, in turn, has confined the investigations 
to tone tests. Recently, however, there has been notable 
development in the technique of recording (for storage purposes) 
on magnetic discs or drums rotating out of contact with the 
recording, reproducing and erase heads, and this has made 
possible the development of a pitch-fluctuation generator for 
use with complex programme material. The device has negligible 
inherent wow or flutter, but with it a wide range of controlled 
pitch fluctuations can be introduced into the programme signal. 


(2) EXPERIMENTAL PROCEDURE 


(2.1) General 


The experiments were divided into four broad classes, in 
which known amplitude or frequency modulations were imposed 
on test material consisting of tones or programme of broad- 
casting type. The object of the experiments was to determine 
when modulation of the test signal was first noticeable; the sub- 
jective thresholds were measured under chosen conditions and 


* were not necessarily associated with annoyance value. The effects 


of modulation may not always be displeasing from an aesthetic 
viewpoint. Although a prime object of the work was to establish. 
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tolerances to modulation under practical conditions, the wide 
range of possibilities makes it impossible to find a figure of merit 
to cover all conditions. In both tone and programme tests a 
realistic compromise is necessary and some of the relevant con- 
siderations will be discussed in this Section. 

It has been noted that the unwanted frequency fluctuations are 
generally accompanied by amplitude changes. In any recording 
system where reproduced output is proportional to velocity this 
must necessarily be so. The magnitude of the effect may be 
negligible, but a much larger degree of amplitude modulation can 
arise in other ways. It is produced, for example, by listening 
enclosures and even by the ear itself, whenever frequency 
modulation is present. Hence it is of interest to determine the 
subjective thresholds of both amplitude modulation and frequency 
modulation independently. 

Listening experiments were carried out with both headphones 
and loudspeakers. The choice of loudspeaker can affect the 
results, especially in the case of frequency modulation of a tone 
carrier, where local irregularities in the loudspeaker-response 
curve produce undesired amplitude modulation. The production 
of harmonics by non-linear behaviour also tends to make the 
threshold value lower. Effects of this kind are, fortunately, 
largely masked when a programme source is used. The loud- 
speaker unit used for the experimental work was the B.B.C. 
standard unit, Type LSU/10, and experiments were conducted in 
the listening-rooms of the B.B.C. laboratories at Nightingale 
Square, London, and Kingswood Warren, Surrey, to simulate 
typical listening conditions. The reverberation time/frequency 
characteristics of these two rooms are fairly level at lower 
frequencies, but they fall gradually at high frequencies. The 
Nightingale-Square room, 2850ft? in volume, has an average 
reverberation time of about 0:55 sec, and the Kingswood-Warren 
room, 1 890 ft3 in volume, a reverberation time of about 0-45 sec. 
Experiments on a single subject suggested that this difference of 
reverberation time had no appreciable effect on the results. 


(2.2) Tone Tests 


In some initial experiments to determine the threshold of effects 
on pure tones, the signal was presented to the subject through 
high-grade moving-coil headphones. The headphones were 
subjectively calibrated for loudness level in the audio range, 
and the level chosen was 75 phons, which corresponds to the 
preferred peak listening level for light music programme 
material! Various test tones between 50c/s and 10kc/s, 
modulated at frequencies unknown to the subject, were pre- 
sented in random order. Various discrete levels of modulation 
of each test tone were presented, and the subject was asked 
whether the modulation was audible or not. Results with all 
subjects were found to be surprisingly inconsistent, and it was 
soon realized that aural fatigue and auditory imagery were 
serious factors in these conditions. The ear rapidly. tired of the 
repetition of a pure tone, and once a given rate of modulation 
had been heard it gave rise to an after-image which was often 
most pronounced. Even if a pure tone was presented afterwards, 
a considerable ‘‘hysteresis”’ was often evident, the modulation still 
being heard in imagination. 

Greater consistency resulted if the pure tone was presented 
first and the modulation gradually increased until the subject 
indicated that he was aware of a change. On account of the 
hysteresis effect, no attempt was made to repeat the test on a 
descending scale, and the tone was stopped immediately upon 
recognition of the modulation, in order to avoid fatigue. A 


new test tone then followed, together with a new modulation ~ 


frequency. This procedure seemed to reduce fatigue consider- 
ably, and the aural imagery seemed also to be reduced by the 
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subject’s knowledge that the next rate would be different, even 
though he did not know how different. 


The same method was also employed in other experiments, — 


using a loudspeaker in place of the headphones, when it was not 
necessary to eliminate the effect of room eigen-tones. 
(2.3) Programme Material Tests 


In the experiments with musical programme material in listen- 
ing-rooms, subjects were tested in small groups. It was im- 


. 
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possible in these circumstances to arrange for the peak level to - 


be exactly 75 phons for everyone, but the seating was arranged 
to give an equal scatter about this figure. In such rooms, how- 
ever, the general loudness does not vary sharply with small 
changes of position and more serious variations probably arise 
from the non-axial frequency response of the loudspeaker. 
Subjects who did not understand the terms ‘‘frequency modu- 
lation’? and “‘amplitude modulation,” 
acquainted with their effects, were allowed to hear samples before 
the tests commenced. Each person had a switch which could 
be operated without the knowledge of others present on perceiving 
some disturbance thought to be due to the imposed fiuctuation. 


: 
| 
| 


and who were not well . 


This tended to reduce the competitive element and eliminate a | 


chain-reaction after the most sensitive listener had recorded his 
impression. Individual identity was lost by this method, but 
identical groups could, of course, be reassembled and individuals 
tested singly when desired. The number of subjects who had 
operated their switches at any given time was registered on a 
meter indicating current flowing through the switch circuits. 


The consideration of frequency fluctuations in a musical 


programme is complicated by the fact that there is no steady 
state of the carrier as in the case of pure tone. Recognition of 
the modulation of a pure tone depends on the ability of the ear 
to detect the addition of sidebands to a single line of the audio 
spectrum, whilst the other extreme—the recognition of modula- 
tion.of white noise—is dependent on the ability to detect the 
order introduced into a chaos aurally invariant in time. A 


musical programme lies between these extremes, with the 


order/disorder relation continually varying. It is well known 
that a fixed degree of wow or flutter is more noticeable on piano 
music than on speech—indeed, a very large fluctuation is neces- 
sary sensibly to affect speech. Thus, to fix a permissible level of 
wow and flutter for practical purposes, it is best to select a type 
of programme material in which the effect is most obvious, so 


that on other material this level will be well within tolerance. The — 


closest instantaneous approach to an ordered pure-tone regime 
is achieved by a piano or church organ. Jn many other instru- 
ments, as in the voice, it is common for the performer to introduce 
vibrato effects which may be mistaken for wow. In the main 
body of programme experiments, therefore, a piano solo was 
used, provided conveniently by an automatic player-piano. 
The instrument had to be well tuned, otherwise beats, greater 
than those inherent in the equal-temperament scale, could to 
some extent mask the wow. 

One of the compositions used for experiments was Ireland’s 
Island Spell, another was a Liszt transcription of Schubert’s 
Am Meer, edited by removal of the more florid sections. Both 
works presented steady, slow chords, making possible the adop- 
tion of the following procedure. A particular waveform and 
frequency of fluctuation having been selected, the piano pro- 
gramme was modulated in increasing discrete steps of 10-20sec 
duration and the reading of the switch meter noted at the end 
of each step. At any particular modulation level sufficient time 
was allowed for passages of easy wow recognition to be included, 
and variations of sound level and tone duration were reasonably 
constant between any group of modulation values. Any acci- 
dental weighting due to the character of the music when a certain 


—— 


modulation level was presented could be corrected by giving 
‘urther tests in which the process was repeated, with the same 
sequence in different musical context. The increase of wow 
as continued stepwise until the most insensitive listener indi- 
cated recognition. Suitable increments of fluctuation amplitude 
_ were decided by means of pilot experiments. 
_ As the initial experiments progressed, it became apparent that 
the subjective threshold of the frequency fluctuations was 
ufficiently large to permit pre-recording of timed test sequences 
from the programme fluctuation generator. A check showed 
that there was no significant difference in the results given by the 
“same group of subjects when tested direct with the generator and 
. _ with a pre-recording done on a machine possessing inherent 
Pfuctuations of the order of 0-1% peak with waveforms of an 
_ irregular nature. Experiments with amplitude modulation were 
also carried out in this manner. 


“y 


8) GENERATION OF AMPLITUDE FLUCTUATIONS IN 
: TONES AND PROGRAMME MATERIAL 
_To simulate the unwanted amplitude fluctuations in recorded 
programme material, it is necessary to amplitude-modulate a 
carrier (the programme) which has an extensive spectrum, and 
_ to do this in a manner which produces the necessary sidebands 
' without significantly distorting the carrier or adding the modula- 
- tion function to the output. 
Fig. 1 shows the basic circuit employed, the programme- or 


Fig. 1.—Circuit of amplitude-fluctuation generator. 


tone-voltage being V; and the modulated output Vo. The 
' rectifiers X have resistances which are functions of the modulating 
e.m.f. applied to them. In addition to the resistive change, the 
modulating e.m.f. itself appears across X, but this can be 
eliminated by using the balanced arrangement shown, and the 
output from T, then contains only the wanted products. The 
modulating signal is fed from a cathode-follower to the junction 
of the rectifiers and mid-point of the primary winding of T, 
the potentiometer P serving to adjust the standing potential on 
_ the rectifiers to produce the best conditions. When the values 
of alternating and direct potentials are suitably proportioned, 
sensibly linear modulation up to about 25% can be obtained, 
but great care must be taken to avoid both resistive and reactive 
unbalances if the modulating signal itself is to be kept below the 
threshold of audibility. The calibration of this modulator 
presents no special difficulties. 


\ (4) RESULTS OF AMPLITUDE-MODULATION LISTENING 
TESTS 
(4.1) Tone with Sinusoidal Modulation 


The subjects in this test were eight engineers fairly accustomed 

to listening to such effects, and the signals were presented through 
headphones at a constant level of 75 phons. The mean values of 
the results for threshold of detection are plotted in Fig. 2. The 
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Fig. 2.—Subjective threshold for sinusoidal amplitude-modulation 
of tone. 


general appearance of the variation is not unlike the Fletcher— 
Munson loudness contour? for moderate levels. There is 
enhanced perception of modulation frequencies around 3 or 4c/s, 
but below 0:Sc/s perception becomes more difficult as memory 
is called into play. The finding that perception is most difficult 
at modulation frequencies around 50c/s was at first suspect, 
but it confirms the results of Zwicker.? 

The rise of threshold towards the lower test frequencies, which 
takes place at all modulation frequencies, is doubtless related to 
the decrease of just-noticeable loudness steps in the intensity 
gamut at low frequencies.* It will be observed that there is a 
sudden dip in the curve when a tone of, e.g., 100.c/s is modulated 
at the same rate. This is because the slow beating of frequencies 
in this condition is more easily detected than the higher-frequency 
components causing it. 

Over a large part of the audio spectrum, amplitude modulation 
of 24% is necessary for aural detection, depending on the 
modulation frequency. The standard error of the means was 
of the order of 5% over this region, but it rose to about 10% 
in extreme regions, i.e. when using a modulation frequency of 
100c/s or a test tone of 10kc/s modulated at almost any fre- 
quency. The means for a larger population may be even greater 
in the high tone-frequency region, for the sensitivity to high 
frequencies decreases with age and other factors, and in the 
present experiments the ages of subjects lay mostly between 
thirty and forty years. From these results it is evident that 
amplitude modulation produced directly in velocity-responsive 
systems is of relatively little consequence, for it will be shown 
that about 3% of frequency modulation is far more objectionable. 

Some results were obtained, for a test tone of 1kc/s only, 
showing the effect of amplitude modulation between 100c/s and 
10kc/s. These revealed a steady reduction of threshold, except 
where detection is made difficult by beating effects, down to a 
minimum of 0:2°% at 6kc/s modulation frequency, after which 
the threshold rose to 0:4% at 10kc/s. 


(4.2) White Noise with Sinusoidal Modulation 


The subjective effect of amplitude-modulated noise is of con- 
siderable practical interest. In conditions where the recorded 
signal/noise ratio is low, such as might occur in the dubbing of 
archives, it may well be a most significant factor. The results of 
experiments to determine the variation of subjective threshold for 
sinusoidal amplitude-modulation of white noise heard through a 
loudspeaker is shown in Fig. 3. As with pure tone, the most 
sensitive discrimination is found in the region of 3-4c/s, where 
the threshold is 5%. At modulation frequencies higher than 
this, the threshold increases to 17-°5%%, where it remains up to 
the highest modulating frequencies employed. This difference 
from the pure-tone case may be explained by the difference in 
masking effects of noise and tone. 
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Fig. 3.—Subjective threshold for sinusoidal amplitude-modulation 
of white noise heard through loudspeaker. 


(4.3) Piano Programme Material with Sinusoidal and Square-Wave 
Modulation 


To determine the significant order of magnitude of amplitude 
modulation under practical conditions, the threshold of twelve 
subjects was determined when listening to piano programme 
material at the preferred level from a loudspeaker. As before, 
the subjects were engineers, to some extent familiar with the 
nature of the effect. The mean results for sinusoidal modulation, 
which are shown by curve (a) in Fig. 4, suggest that between 2 and 
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Fig. 4.—Subjective threshold for amplitude-modulation of piano 
programme material heard through loudspeaker. 


(a) Sinusoidal modulation, population mean values. 
(b) Sinusoidal modulation, single values. 
(c) Square-wave modulation, population mean values. 


I indicates standard deviation. 


20c/s the modulation frequency is not critical, whereas at 
0-Sc/s the threshold almost doubles. At still lower frequencies 
the results appear to depend on the sense of absolute intensity. 

Curve (6) in Fig. 4, from observations taken under the same 
conditions, is for one particular subject, who was found through- 
out various tests to possess exceptionally acute discrimination. 

Curve (c) in Fig. 4 shows the mean results of the whole group 
when the programme material was modulated by square-wave 
transitions. The shape is similar but the threshold, as would be 
expected, is depressed, particularly in the region of 0-5c/s. The 
value there of 10-5 °% corresponds to about 1 dB change, popularly 
supposed to be the least noticeable change of level. 


(4.4) Piano Programme Material with H.F. Sinusoidal and Noise 
Modulation 


A great reduction of threshold is found when tone is amplitude- 
modulated at frequencies above the range 0-100c/s detailed in 
Fig. 2. A test was carried out, on one of the more sensitive 
observers from the previous experiments, to ascertain if a similar 
effect existed for programme material. The results are sum- 
marized in curve (a) in Fig. 5. The general threshold is, not 
unexpectedly, considerably higher than for pure tone, but ‘the 
variation is similar except for the peaks which occur in zones of 


STOTT AND AXON: THE SUBJECTIVE DISCRIMINATION OF PITCH AND 


% 
fete) T + ; 
: ae 
S 7 
Re (6) 
=} 

a! za 
oR ers 2a aT H 
oe | | 
(eri 
fo} 
ole) 
ae eaten se : 
a 
z i 
Ol 
(exe) for io 100 Korero) 


MODULATION FREQUENCY, OR 
NOISE CUT-OFF FREQUENCY, kjcs 


Fig. 5.—Subjective thresholds for h.f. amplitude-modulation of piano 
programme material. 


(a) Sinusoidal modulatior.. 
(6) Noise modulation. 


beating in the pure-tone case. The rapid fall to 0:2°% threshold 
at a modulation frequency of 6kc/s corresponds to the result 
found at this frequency with 1 kc/s test material. In this region 
the aural impression is as though each percussive note excites a 
small tinkling bell, and it may not be aesthetically displeasing. 
It provides a good example of the hiatus between threshold and 
annoyance values of these parasitic effects. Such a modulation 
could be produced if a magnetic tape were finely and regularly 
milled across its width, but this is not a likely condition. How- 
ever, similar random variations undoubtedly do occur and give 
rise to noise modulation. The threshold level was therefore 
examined when the programme was modulated with white noise 
restricted spectrally by a series of low-pass filters. The amplitude- 
modulation threshold is shown plotted against the noise cut-off 
frequency by curve (4) in Fig. 5. Except for the absence of the 
sharp dip at 6kc/s, the results obtained closely resemble those 
of h.f. sinusoidal modulation. When modulated in this manner 
the programme is judged to have something of the character of 
low-grade tape-recording or of a slightly worn disc with a gritty 
accompaniment. The marked decrease of the threshold which 
occurs when noise components extend beyond 1| ke/s is interesting 
and indicates the value of polishing recording tapes. 


(5) GENERATION OF PITCH FLUCTUATIONS IN 
PROGRAMME MATERIAL 


(5.1) General 


In Section 12.1 a mathematical analysis of wow- and flutter- 
generation is given in terms applicable to the generator now to 
be described, and to similar systems. The mechanical design 
of the generator is intentionally simple, in order that the inherent 
fluctuations due to imperfections of manufacture may be small. 
In addition, however, the analysis indicates that design para- 
meters such as the relative disposition of the recording and repro- 
ducing heads and the speed of the recording medium, may be so 
chosen as to reduce even further the residual effect of manu- 
facturing imperfections. It follows that subjective reaction to 
various controlled pitch fluctuations will not be influenced by 
the presence of appreciable accidental components. Calculations 
and measured values of the accidental components present in the 
output of the generator are given in Section 5.5. 


(5.2) Description of Equipment 


The mode of operation of the pitch-fluctuation generator is 
illustrated by Fig. 6. A rigid disc, composed of non-magnetic 
material, is supported in a plain bearing and rotated at constant 
speed by a synchronous-motor drive. The rim of the disc is 
coated with a mixture of magnetic oxides similar to that normally 
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Fig. 6.—Sketch plan of pitch-fluctuation generator for programme- 
material experiments. 


applied to the plastic backing of magnetic tapes. As the disc 
rotates it passes, in turn, an erase head, a recording head and a 
reproducing head. Each of these is separated from the magnetic 
coating by a gap of about 0-:0005in. In the case of the recording 
head this separation from the coating results in a drop in recorded 
level which can be restored by a reasonable increase in the bias and 
recording currents. The output obtained when the gap between 
the reproducing head and the coating is d is proportional to the 
factor e~2*4/A, where A is the recorded wavelength. This repre- 
sents a drop of approximately 55 dB in signal level for a separa- 
tion equal to one wavelength. At short wavelengths the effect of 
even small separations is therefore very great, so that if the 
‘reproducing head is kept out of contact with the disc, the record- 
ing speed must be increased above normal to increase the wave- 
lengths and reduce losses at higher frequencies. Furthermore, 
any variation in the nominal separation between reproducing 
head and coating, due to eccentricity or other causes, must be 
small in comparison with the shortest wavelength of interest, if 
noticeable amplitude-modulation of the signal is to be avoided. 
The choice of a high peripheral speed for the disc (in this case 
100in/s) thus permits both reasonable separation and sensible 
manufacturing tolerances. The reproducing head, which is 
described in detail in Section 5.4, is of light, miniature construc- 
tion and is mounted on the end of a duralumin cantilever rigidly 
fixed to the centre of the moving coil in a conventional moving- 
coil system. The coil, and hence the cantilever and head, can 
move about the same vertical axis of rotation as the magnetic disc. 
Suppose that the disc is rotating and that a programme signal is 
fed into the recording head, together with the necessary bias 
current. If the reproducing head is stationary the recording 
track will be moving past it at constant speed, neglecting, for the 
present, inherent speed fluctuations due to imperfections in the 
manufacture of the wheel or its driving system. A |1.f. alternating 
current fed into the moving coil will force it to oscillate about its 
axis, and the head will move to and fro. A wow or flutter is 
thus created in the reproduced output by the periodic fluctuation 
in the relative speed of the disc past the reproducing head. The 
frequency and amplitude of the wow or flutter depend on the 
exciting current and the length of the cantilever. Such a device 
is practicable only when the head is working out of contact with 


the magnetic medium. Since the moving coil is coaxial with the 
disc, the gap between the reproducing head and the coating 


remains nominally constant, whatever the amplitude of oscillation 
of the cantilever. Thus no amplitude modulation accompanies 
the flutter produced by the generator other than that due to any 
residual eccentricity of the disc itself. The calibration of the 
generator is described in Section 12.2. 


647 


(5.3) The Moving-Coil Drive System 


The essentials of the electrical arrangement for the moving-coil 
drive are shown in Fig. 7. Response at frequencies as low as 
0-Sc/s is necessary, and direct coupling is employed except for 
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Fig. 7.—Circuit of moving-coil system of generator. 


the penultimate stage. The centre-tapped coil L is fed in balance 
from the cathode-followers of the valve V>. Preceding this stage 
is a phase-splitter V,, into which the modulating e.m.f. is fed 
through corrective networks of suitable response. The balance 
of currents in each half of the coil can be controlled by the 
potentiometer P, which adjusts the bias on one output valve, 
and serves to centre the rotating head. If the horizontal canti- 
lever attached to the coil were constrained to a centre position 
by mechanical compliances, points of resonance would tend to 
occur within the working range. Slow drift of the zero position 
is corrected by a simple step feedback system. A fine-spring 
wiper arm, S, is connected to the cantilever, and moves across 
two adjacent contacts separated by a thin sheet of insulation. 
The wiper is connected through a high resistance, R, to a negative 
bias source, and the two contacts to the grids of V,._ Should the 
coil drift from centre, the wiper touches one of the contacts so 
that R, is connected in parallel with R, across one of the grids. 
The potential on the grid changes with a time-constant dependent 
on the values of C, R,, and R,, reducing the current in one-half 
of coil L, and slowly restoring the central position. The correct- 
ing motion can be made sufficiently slow to be of no consequence 
to the output, since the degree of fluctuation is velocity-dependent 
and relatively hard to detect subjectively when the rate is low. 

The disposition of the magnetic heads around the disc is of 
importance. It is shown in Section 12.1 that the recording and 
reproducing heads should be close together to reduce the effect 
of any accidental wow and flutter in the system. The reproducing 
head cannot be conventionally screened because mass would be 
added to the cantilever and the inertia would rise excessively. 
Extra precautions must therefore be taken in screening the 
recording and erase heads, and for this reason the erase head is 
moved to the opposite side of the disc, as far from the reproducing 
head as possible. The permanent magnet of the moving-coil 
system is also totally enclosed in a steel box to prevent leakage 
flux affecting the recording system. 


(5.4) The Reproducing Head 


For minimum inertia in the moving-head system the repro- 
ducing head must be as light as possible whilst maintaining 
adequate sensitivity for out-of-contact working. A conventional 
core consisting of a stack of Mumetal laminations would be too 
massive, and the core is therefore formed of a single rectangular 
lamination sprung into cylindrical form and held in position by 
a light clamp of plastic material. A reproducing gap is formed 
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between the two ends of the lamination, which are held a suitable 
distance apart by a spacer. Two coils are wound around the 
lamination and suitable spaces are cut in the plastic clamp to 
accommodate ‘them. The coils are connected to the external 
circuit by fine wires which do not appreciably affect the mech- 
anical stiffness of the system. The frequency response of this 
head can be made almost identical] with that of good conventional 
heads, but its sensitivity is less. 


(5.5) Accidental Pitch Fluctuations in the Generator 


In Section 12.1 it is shown that the ratio of the instantaneous 
frequency, f,, of the e.m.f. produced by the fluctuation generator 
to the frequency, f, of the input is given by the equation 


f,lf = 1 + (wvs]v3) cos w(t + To/2) — @,/¥o) cos w(t + To) 


s is the mean distance between the recording head and 
the moving reproducing head, 
Uo is the constant component of the recording medium 
velocity, 
v sin wt is a representative component of recording-medium 
velocity causing accidental flutter, 
v, COs w,tis the velocity of the moving reproducing head, 
causing intentional flutter, 


where 


and To is the time given by s/v. 


If the generator is perfectly made then v = 0, and putting this 
value in the equation gives simply 


f,Lf = 1 — vo) cos w, (t + To) 


which is the desired result. In practice, however, v is finite, 
for there are always some small irregularities of traction even in 
well-designed systems. The irregularities are mostly of a random 
nature with superimposed periodic variations due to motors, 
idlers, etc.5 The first equation above indicates how these 
accidental fluctuations can be minimized in the system described. 
The second right-hand term represents the uncontrolled varia- 
tions, and it will be seen that the effect of a given value of v 
depends on the factor ws/v3. For minimum accidental fluctua- 
tion in the output it is necessary to make the velocity, vp, of 
the recording medium large, the separation, s, of the heads 
small, and the frequency, w/27, of the accidental speed variation 
low. 

In the fluctuation generator described, the peripheral velocity 
of the disc is 100in/s and the radius is such as to give a funda- 
mental value of w of about 20rad/s. A minimum value of 
g'=1-75in is set by head dimensions. The factor ws/v9 gives 
the reduction of fundamental wow from any disc eccentricity 
as being 0:35. A greater reduction factor is unnecessary, for 
the eccentricity which can be tolerated is even more severely 
limited by the amplitude modulation which arises from variations 
in the separation between reproducing head and coating. More 
important are the speed fluctuations, at 25c/s (the synchronous- 
motor speed) and other frequencies, from the driving system. 
These are eliminated by increasing the inertia of the disc by 
means of a flywheel and by driving it through a highly compliant 
belt. The resulting low-pass filter section leaves only fluctuations 
with frequencies predominantly in the region of 1c/s, and these 
are effectively reduced by the correlation mechanism considered. 
With the same constants as before, except for w = 277, the 
reduction factor is 0:11. 

Actual measurements of accidental fluctuations from the 
generator gave a value of 0:03% peak, the fiuctuation output 
consisting of a mixture of random components and periodic 
wow at the fundamental frequency of rotation in roughly equal 
parts. This small value is of no consequence from the subjective 
viewpoint. 
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(6) GENERATION OF PITCH FLUCTUATIONS IN TONES ; 
A portable tone source® was used to produce wow and flutter, 
in pure tones, with the modulating signal injected in place of the , 
fixed warble tone normally produced in the instrument. In_ 
essence, the modulating signal was made to vary the gain of an 


amplifier controlling the capacitance presented to a tuned circuit, | 


by means of the Miller effect, and hence to vary the frequency 
of the beat-frequency oscillator. Sinusoidal modulating signals | 
at frequencies down to 0-5c/s were generated externally by a 
Wien bridge oscillator, whilst square and pulse waveforms were - 
produced by a multivibrator. 
described in Section 12.2. 


(7) RESULTS OF PITCH-FLUCTUATION LISTENING TESTS 
(7.1) Tone with Sinusoidal Modulation 


The perception of frequency fluctuation is dependent on what 


is often called the differential pitch sensitivity of the ear, a 
property which depends on the conditions of experiment. The 
classic experiments of Shower and Biddulph’? were made with a 
somewhat arbitrary waveform, in the sensitive region of 2 or 
3c/s, modulating pure test tones, which were then presented 
through headphones at various intensity levels. The experi- 
ments here described are intended to cover a wider range of 
modulating frequencies and waveforms at a fixed intensity level. 

The mean results for a group of twelve subjects (engineers, 
aged 30 to 40 years) listening through headphones, are shown in 
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Fig. 8.—Subjective threshold for sinusoidal frequency-modulation of 


tone. 


deviation just detectable at frequencies in the audio range, with 
the modulation frequency as parameter. When expressed in this 
manner the results show that much smaller percentages of fre- 
quency change than of amplitude change (Fig. 2) are noticeable. 
Other features are common, however, such as the increase of 
threshold at low frequencies, the sensitive region around 1 kc/s 
and the sensitivity to modulation frequencies of 2 or 3c/s. There 
is also the zone of beating when 100c/s is auto-modulated, and a 
threshold maximum around 50c/s modulation frequency. The 
standard error of the means was of the order of 5% except at 
extreme values of both parameters, where it was twice this value. 

Here again the experiment was extended, using 1 kc/s test tone, 
to include modulation frequencies up to 10ke/s. Above the 
0-100 c/s region, detailed in Fig. 8, the results show a remarkable 
similarity to those obtained for amplitude modulation (Sec- 
tion 4.1) if, instead of fractional frequency deviation, the modula- 
tion index is plotted, i.e. the ratio of deviation to modulation 
frequency. The threshold index shows a steady fall to a mini- 
mum value of about 0-2°% at a modulation frequency of 6ke/s 
and a subsequent rise to 0-4 % at 10kc/s. As before, this steady 


The calibration of this system is | 


lation is interrupted by zones where detection is difficult 
xs to beating effects. 


(7.2) Tone with Square-Wave and Impulsive Modulation 


The experiments described in Section 7.1 were repeated with 
te vave modulation, and also with impulsive modulation 
produced by “‘differentiating’’ square waves in various degrees to 
produce exponential decays corresponding to time-constants of 
5 and 1 millisec. The greater number of sidebands produced 

y these more abrupt modulations of the tone would be expected 
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Fig. 9.—Subjective threshold for square-wave and impulsive modulation 
of tone. 


mniilisec. | © 1-3 pulses/sec. 
; ® Spulses/sec. 
impulse { x 25 pulses/sec. 


aie 1-3 pulses/sec. 
ee +  Spulses/sec. 
A 25 pulses/sec. 


(6) 40 millisec impulse, 25 pulses/sec. 
(c) 40 millisec impulse, 5 pulses/sec. 
(d) 25c/s square wave. 

(e) 5c/s square wave. 

(f) 1-3c/s square wave. 


(a) 
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to lower the threshold values. The results for square-wave 
modulation, shown in Fig. 9, confirm this and indicate that the 
threshold magnitude is also less dependent on modulation fre- 
quency than in the case of sinusoidal modulation. Modulation 
by impulses decaying with a 40millisec time-constant gives 
threshold curves lying above the square-wave curves (though still 
below the corresponding sinusoidal thresholds) and dependence 
on modulation frequency is further reduced. For impulses with 
decays corresponding to time-constants of 1 to Smillisec, the 
subjective threshold level is virtually independent of the time- 
constant or repetition rate, between 1 c/s and 25c/s at least. The 
variation with these two parameters is of the order of experi- 
mental error, and a single representative curve has been drawn 
through the points. For square waves the standard error of 
the means was, in general, less than 5°% in the 1 kc/s region, again 
rising to about twice the value in the 100c/s region. 

That the perception of a series of “‘plops’? does not markedly 
depend upon the rate of presentation seems reasonable from 
spectral considerations, for at 5 millisec the envelope of sideband 
energy is spread beyond 60c/s, and the detail of line spectrum 
within it is unlikely to be of first-order consequence to the 
filter system of the ear. 


(7.3) Piano Programme Material with Sinusoidal Modulation 


Possibly the most important fluctuation phenomena in record- 
ing systems are the periodic effects associated with non-centred 
discs or eccentric drive mechanisms. Modern recording practice 
involves a fundamental wow and flutter range from 0-55c/s, 
found in long-playing and transcription discs, to 96c/s, which 
occurs in ciné-film equipment. The experiments described in 
this Section were arranged to cover that frequency range as far 
as possible using the piano programme material previously dis- 
cussed. The subjects, about seventy in number, were of various 
age groups and included fourteen females, sixteen males not 
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Fig. 10.—Subjective thresholds and standard deviations for sinusoidal frequency-modulation of piano programme material. 


. ® 16 lay male subjects. 
aa b) 70 miscellaneous subjects, 


(c) 14 female subjects. 
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associated with sound engineering, and over a dozen engineers 
having specialist interest in the experiments. 

The results of the listening tests are shown in Fig. 10. The 
upper curves are the mean values; curve (4) for the whole popula- 
tion, curve (a) for the sixteen lay males, and curve (c) for the 
fourteen females. The lower curves, labelled correspondingly, 
show the standard deviations in each category. The curve of 
threshold values against number of subjects exhibiting a given 
threshold, i.e. the voting distribution, was reasonably normal 
for the larger population at all modulation frequencies. The 
histogram for 1-3c/s modulation, typical of the results obtained, 
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Fig. 11.—Distribution of subjective thresholds for 1:3 c/s sinusoidal 


frequency-modulation of piano programme material. 


is shown in Fig. 11 with the corresponding normal distribution 
superimposed. 

The standard deviations of the three populations, shown 
in Fig. 10, were calculated on a basis of normal distribution, 
although the threshold distributions of the two smaller popula- 
tions were sometimes slightly skewed towards the higher fluctua- 
tion values. 

The curves exhibit features in common with those for pure 
tone, except that the most easily recognized modulation frequency 
has increased from about 3c/s to between 5 and 10c/s, and the 
maximum which appeared round 50c/s in pure tone tests is not 
now in evidence. A new feature is the slightly raised threshold 
at 2-5c/s, which becomes progressively more marked with the in- 
crease of threshold values in passing from curve (c) to curve (a). 
A similar tendency is manifest in the standard deviations, which 
show a peak at 2-5c/s in all three cases. The reason for this 
effect is not understood; it has been observed at various times, 
with different piano programmes and in different listening rooms. 
When the results of individual listeners are examined, two 
distinct classes appear, namely those with raised thresholds at 
2-Sc/s and those without this feature. The absence of raised 
thresholds seems more common in subjects familiar with piano 
music, and the possibility of some rhythmical content confusing 
discrimination at this frequency, especially in lay subjects, 
cannot be dismissed. An examination of the fluctuations in 
sound intensity throughout the selected piano programme 
material showed that they were predominantly around 1c/s, 
the fundamental rate of the music, falling sharply at frequencies 
above this, but there was relatively greater fluctuation around 
2-Sc/s than the general trend would suggest. Although this 
aspect has not been pursued, it seems reasonable to suppose 
that such abnormal: amplitude fluctuations might mask accom- 
panying frequency fluctuations. 

The results in Fig. 10 exhibit a very similar trend in the means 
of the populations represented by curves (a) and (c), despite the 
fact that with the relatively large deviations (of about 30%) 
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there is little significance in comparing means at a particulai 
modulation frequency. The*fact that the curves closely maintain 
a similar shape over the whole frequency range, however, suggests 
greater significance. This was checked by combining the read- 
ings of the samples for all frequencies in the tests. To achieve 
this, the means and deviations at a particular frequency were 
first expressed as percentages of the whole population mean. 
Three new sets, including readings for seven frequencies up to 
50c/s, were then derived and their means and standard errors 
calculated for the combined number of measurements (i.e. for 
seven times the number of subjects in the original samples). 
The results are given in Table 1. 


Table 1 


Standard 
deviation 


Standard 


Population auae 


% 


(a) 16 lay male subjects .. 39 
(b) 70 misc. subjects rs 32 
(c) 14 female subjects .. a3) 


The threshold difference between subjects of samples (a) and. 
(c), taking into account all modulation frequencies, clearly has a 
marked significance, although with such small samples there is a 
possibility of unsuspected bias. 


(7.4) Piano Programme Material with Square-Wave 
Modulation 


The tests involving square-wave modulation were restricted to 
fundamental frequencies below 10c/s because of the limited 
response of the fluctuation generator. The group of subjects, 
28 in number, was similar in composition to the whole population 
[curve (b)] of Section 7.3, and again the voting distributions were 
of normal character. 

The results, summarized by Fig. 12, show that both the means 
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Fig. 12.—Subjective threshold for square-wave modulation of piano 
programme material. 


© Population mean. [| Standard deviation. 


and deviations are, in general, less than for the sinusoidal case, 
as would be expected. The depression of threshold is most 
marked at the lowest frequencies, where the harmonics of 
modulation fall within a descending part of the corresponding 
sinusoidal modulation curve (Fig. 10), tending to enhance 
recognition. The reverse is true above 5c/s, where the harmonic 
modulation frequencies are less effective in relation to the funda- 
mental. With the spectrum restricted to about 100 cycles, 
the curves for square-wave and sinusoidal modulation would be 
expected to become nearly identical around 10 or 20c/s, and this 
appears to be the case. 


ba 


_ (7.5) Piano Programme Material with Impulsive Modulation 


The effect of transient wow due to intermittent causes, such as 
tape adhesion, can be roughly simulated by applying pulses to 
‘the flutter generator. The recognition of a single pulse is not a 
“matter substantially different from the recognition of a train of 
pulses in which the repetition rate is low, and for convenience 
_the pulses were therefore presented at 2sec intervals. The pulses 
reached peak amplitude after 20 millisec and decayed exponen- 
\tially with a time-constant of 80 millisec. The same group of 
28 subjects yielded a reasonably normal voting histogram, with 
amean of 0:81% peak wow and a standard deviation of 0:21 %. 


| (7.6) Piano Programme Material with Random Frequency 
Modulation 

| The residual wow or flutter of high-grade recording machines 
|may not have obvious periodicity but may be predominantly 
‘stochastic in nature.5 It is therefore of interest to examine the 
subjective effects of such fluctuations. The frequency fluctua- 
‘tions produced by the fluctuation generator when fed by a 
source of random noise yielded a Poisson form of distribution 
of the type which occurs in practical machines and which is 
described in more detail in Section 12.2. 

In this particular experiment the piano programme material 
‘was modulated in discrete steps, and when the number of sub- 
jects showing a particular threshold was plotted against random 
: modulation level, a histogram was obtained closely approximating 
to the type to which the random fluctuation amplitudes themselves 
belonged. It was found that the mode of the distribution was 
0-2% (mean fluctuation) and the mean of the distribution 0:3 %, 
which implies peak fluctuation of the order of 0:8 %. 


(7.7) Pitch Fluctuations in Other Programme Material 


Vibrato of either pitch or intensity in a musical instrument 
tends to mask fluctuations caused by the recording system. From 
this viewpoint the piano, with its complete absence of vibrato, is 
possibly the most pure tonal generator available; its frequent 
use in the investigations described was based on this considera- 
tion. The organ may speak vibrato from the tremulant stop. 
An example of pitch-fluctuation threshold variation for light 
theatre-organ music is shown in Fig. 13, which gives the mean 
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pe 13.—Subjective threshold for sinusoidal frequency-modulation of 
theatre organ programme material. 


@ Population mean. I Standard deviation. 


results for nine subjects. As far as comparison with curve (5) 
in Fig. 10 is possible, the threshold is seen to be greater than 
that for piano programme material except at extreme flutter 
frequencies. 

The singing voice. too, may have large degrees of vibrato, and, 
in general, the transient nature of speech sounds makes recogni- 
tion of frequency fluctuation difficult. The threshold value for 
speech found by experiment was 2% to 3% peak at Ic/s. 


AMPLITUDE FLUCTUATIONS IN RECORDING SYSTEMS 


651 


The perception of flutter in orchestral music is a very variable 
factor, for most wind instruments can produce vibrato and 
violins are particularly rich in the effect, with intensity vibrato 
of possibly 50% and pitch vibrato of about a quarter-tone at a 
modulation frequency of about 6c/s. It is therefore hardly 
surprising that orchestral-music thresholds were found to be high. 
No detailed quantitative observations were made, since only the 
most critical case, the piano, is likely to influence recording- 
system design. 


(8) EXAMINATION OF RESULTS 
(8.1) General 


The experiments described have provided information on the 
human discrimination of amplitude and frequency fluctuations 
of various waveforms and frequencies, on tone, noise and 
programme material. Considerable ranges of fluctuation magni- 
tudes and frequencies have been explored in these experiments, 
and it is pertinent to inquire to what extent they may be en- 
countered in practical systems. 


(8.2) Amplitude Fluctuations in Practical Systems 


With regard to fluctuations of amplitude, all frequencies in the 
audio band would seem possible. Consider, for example, a 
recording delay system such as is used in the programme flutter 
generator and is already in use for the production of artificial 
reverberation effects.8 Any variation in the separation of the 
heads and the medium will cause amplitude modulation, and, 
according to the angular velocity of the drum, these variations 
may be at any frequency from below lc/s to about 25c/s. 
Amplitude modulation at frequencies above this range to about 
1kc/s may be produced by creep or distortion in the drum 
material or by tool-chatter in the machining. Finally, small 
irregularities of surface finish or inhomogeneity of magnetic 
coatings or tapes may produce fluctuations up to the highest 
audible frequencies. These high-frequency amplitude fluctua- 
tions need be only of the order of 0:2% to be audible; in fact, 
some difficulty was at first experienced in eliminating such 
defects from the fluctuation generator. 


(8.3) Pitch Fluctuations in Practical Systems 


It has been noted (Section 7.3) that the fundamental frequency 
of pitch fluctuations in conventional recording systems may lie 
between 0:5 and 100c/s. Fluctuations of about 0-1 c/s or less, 
known as drift, can be dismissed from the present consideration 
as subjectively unimportant unless the pitch wanders far enough 
and for long enough to be noticed by a listener with a sense of 
absolute pitch. Pitch fluctuation frequencies in excess of 200 c/s 
are unlikely to be generated to any extent in recording systems 
of current design with the values of inertia and compliance 
usually involved in the mechanical systems. There are, however, 
exceptions, for in magnetic recording systems the mechanical 
properties of the tape are such that it may be excited into longi- 
tudinal resonance by friction or random torques at frequencies 
of 1 ke/s or above, but these effects are unlikely to produce tape- 
speed changes greater than 1 %. 


(8.4) The Composite Curve of Pitch Fluctuation Thresholds 


The subjective threshold for fluctuations at frequencies greater 
than 100c/s was not measured on programme material owing to 
the limitations of the generator, but it is possible to assess its 
magnitude from other data. It has been observed in the case of 
pure tone that the threshold values of modulation indices for 
both amplitude and frequency fluctuations are virtually identical 
for modulation frequencies greater than about 100c/s. From 
spectral considerations this is hardly surprising, for in this range 
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the identity of modulation indices expresses also the identity of 
energy distribution in the two principal sidebands, and the lack 
of phase-consciousness of the ear does not enable any difference 
to be resolved. If a similar identity is assumed for the aggregate 
of frequencies in the programme source, the frequency-modula- 
tion index for the threshold will follow the amplitude-modulation 
index experimentally determined for fluctuations above 100c/s. 
The equivalent frequency excursion, Af, may then be derived 
from the index value at. any point by multiplying by w/277, the 
modulation frequency. The new curve of relative Af excursion 
above 100c/s can then be normalized to produce the value actually 
observed at 100c/s, and the composite threshold curve for the 
entire frequency range produced as shown in Fig. 14. A slight 
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will be discussed, but it must be realized that it may requir 
supplementing under special conditions. i 

It is possible that when special conditions arise suitable deduc . 
tions can be made from results such as those given here, coverin| 
the subjective findings on tone and noise. As an example 
suppose a speech recording is made on a recorder having a 1- 3¢/, 
wow, from a radio link which introduces a 9kc/s whistle. Thi 
presence of the whistle may reduce the threshold wow level by < 
factor of about 50:1, for it is found that about 0-02% wov, 
can be detected on the whistle alone when heard in an averag¢, 
room. The 9kc/s level will be less than the 75-phon referenc« 
level used in the experiments, but as the amplitude- -modulatior. 
threshold rises only by a factor between 2 and 3 for a loudness: 
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Fig. 14.—Composite curves of fluctuation thresholds (amplitude modulation and frequency modulation) 
for piano programme material. 


change of slope is noticeable at the 100c/s junction, but no 
refined curve fitting was attempted because no more can be 
expected from this extrapolation than an order of magnitude. 

The frequency-modulation threshold curve of Fig. 14 indicates 
that a minimum flutter of 1:5 % is necessary to create a subjective 
effect above 100c/s, and about 10% flutter is necessary in the 
region of 1kc/s. There would seem to be little object in extend- 
‘ing the range of flutter measurement beyond a few hundred 
cycles for programme recording systems as known at the 
present time. 


(8.5) Specification of Tolerable Pitch Fluctuations 


Turning to the problem of specifying tolerable fluctuations 
from the subjective viewpoint, it is clear that some compromise 
is necessary, for if, for example, 3kc/s tone in a room were 
included within the practical scope, the permissible peak fluctua- 
tions could not exceed about 0:005%.9 A reasonable com- 
promise would be to consider the system fiuctuations in the light 
of the more stringent programme conditions that occur most 
frequently in practice, such as the piano programmes used in the 
present experiments. A machine satisfactory on that basis would 
be adequate for organ and orchestral programmes, and virtually 
perfect for speech and any unusual transient effects. In other 
words, in the specification of tolerable fluctuations, and in their 
measurement, due weight should be given to the modulation 
frequencies to which the ear is most sensitive and the type of 
programme material on which fluctuations are most evident. A 
scheme for carrying out such subjectively weighted measurements 


level reduction from 80 to 30 phons, and the frequency-modula- 
tion threshold rises by a factor of about 2 for the same change, 
the wow threshold can be little more than twice the 0:02 % value. 
Thus the tolerable wow level of 2° for speech alone is reduced, 
in this case, to approximately 0:04%. It may be argued that a 
modulation of an existing undesirable distortion is of no concern, 
but the example serves to illustrate the points at issue. In a 
similar manner amplitude modulation of background noise in a 
programme recording may indicate the presence of fluctuations 
which would not be detected on the programme alone. With 
such limitations in mind, the specification of tolerable fluctuations 
on programme material will be examined, special regard being 
paid to the formulation of a practical measuring scheme. 


(8.6) A Universal Weighting Curve for Pitch-Fluctuation 
Measurements 


The ideal subjectively weighted measuring device should, when 
threshold value is reached, give the same indication whatever the 
type and frequency of the fluctuation being measured. It will 
be shown that the results given here, as summarized in Fig. 14, 
enable a good approximation to this ideal device to be obtained. 
Consider first any single component of a sinusoidal wow or 
flutter lying in the range 0-5—200c/s. If the fluctuation is applied 
to a discriminator giving faithful conversion in this range, and 
the output envelope is equalized by a network whose frequency 
response is the inverse of the frequency-modulation curve of 
Fig. 14, then the final output will be constant at threshold value 
throughout the frequency range. When there is more than one 


ctuation component present, the system will still suffice and 
e threshold will be indicated at the critical peak value of the 
weighted sum. If, for example, two equal components have 
requencies close to one another, giving a slowly beating fluctua- 
m, the threshold is essentially at the peak value of the mixture 
lat equals the threshold of one component alone. If the 
uencies are well separated, the one of lower threshold of 
‘course predominates. Thus, for a 1kc/s tone, threshold is 
0-2% at a wow frequency of 1-3c/s and 0-4% at a flutter 
frequency of 25c/s, whilst a check experiment showed that the 
threshold for an equal mixture is 0-26%. In the equalizing 
‘system suggested, half weight is given to the 25c/s component 
jand the resulting relative outputs are: 


H At 1:3c/s 0-2 x 1 =0-2 
ip At 25c/s 0-4 x 4 =0-2 


1230/5 Ors. x 1 Beis 
2c/s0-13x4{ 


which, for practical purposes, is an identical and correct threshold 
indication in each case. The thresholds for several such mixtures 
were determined experimentally and found to agree equally well 
with the values which would be indicated by the measuring 
system. 

| Consider now the effect of another periodic waveform. 
Experimental observations have been obtained on square-wave 
modulation up to a frequency of 10c/s. If square waves are 
applied to the suggested weighting network the resulting relative 
peak value will not alter substantially with frequency in the 
region of 6c/s or above, but when the frequency is below this 
an overshoot takes place due to the selective increase of harmonic 
content. The amount of overshoot relative to the input is 
shown in Fig. 15 for modulation frequencies of 1c/s, 2:5c/s 


Mixture ' 


a 
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(a) (0) (e) 


Fig. 15.—Response of suggested weighting network to square-wave 
input signal. 
—------ Input waveform. Output waveform. 


(a) 1c/s square wave up to harmonic of 15 c/s 
peak output/peak input = 2-3 

(6) 2:5c/s square wave up to harmonic of 27:5 c/s 
peak output/peak input = 1- 

(c) 6c/s square wave up to harmonic of 54 c/s 
peak output/peak input = 1-0 


and 6c/s. The graphs are approximate and show the effect of 
weighting the stated number of harmonics without considering 
telative phase differences. Constant peak-output of the network 
is achieved only if the square-wave input signal is reduced by the 
ratio of peak input to output, i.e. by approximately 1/2-3, 1/1-5 
and 1 in the three cases considered. The ‘subjective measuring 
device thus indicates the square-wave modulation threshold at 
fluctuation amplitudes reduced by these factors below those of 
the corresponding sinusoidal cases. The comparative square- 
wave thresholds as indicated by the proposed measuring chain 
and determined in the subjective experiments are given in 
Table 2. 

_ The last two lines show that the agreement between the pro- 
posed indicating system and experiment is adequate, although 
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Table 2 


COMPARATIVE THRESHOLDS FOR SQUARE-WAVE FREQUENCY 
FLUCTUATION 


Fluctuation frequency 
1-0c/s 2:5c/s 6:0c/s 
Measured peak threshold for sinu- 
soidal fluctuations, % . OO apes Os) 0-4 
Calculated reduction’ factor for 
square-wave fluctuations 1/2°3 15 1/1 
Peak square-wave amplitude when 
measuring chain indicates 
threshold, % .. oe ae 0-4 0°5 0-4 
Measured peak threshold for 
square-wave fluctuations, % .. 0:5 0-4 0-4 


there is over-compensation below about 1-5c/s and under- 
compensation above. 

Finally, consider the effect of the proposed weighting curve on 
the continuous spectra which are involved in the measurement 


of pulse and random modulations. The experiments yielded a 
mean threshold value of about 0:8°% peak in each case, the 
bandwidth of the modulation being restricted to 100c/s by the 
design of the fluctuation generator. The statistical distribution 
of amplitudes in the random-frequency fluctuation tests can be 
shown to obey a Poisson relation (see Section 12.2.1). It 
follows that amplitudes up to 0:8°% peak comprise 99% of the 
fluctuations occurring in a random set of this nature. Assuming 
the maximum weighting to be unity at 6c/s, where the sinusoidal 
threshold is 0-4°% peak, the ratio of peak output to input should 
then be 0-5 in both the random- and pulse-modulation cases if 


‘true threshold is to be indicated. An approximate analysis 


suggests that such is the case. A modulating pulse of the form 
é—*t, (t >0) has a Fourier transform (k + jw)—!, and its spectrum 
amplitude, |k + jw|—!, is shown as curve (c) in Fig. 16 for an 
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Fig. 16.—Determination of weighted output spectra for random and 
impulsive fluctuations. 
(a) Reference line. 
(b) Inverse threshold curye for sinusoidal modulation. 
(c) Relative amplitude/frequency spectrum of impulse with 80 millisec time-constant. 
(d) Relative amplitude/frequency spectrum of output signal. 


80 millisec time-constant. The spectrum of the output signal — 
[curve (d)] has been weighted by the inverse-threshold curve (5). 
The relative frequency spreads of curves (c) and (d) are similar, 
and by the Fourier-integral energy theorem the ratio of peak 
output to peak input should be roughly proportional to the 
ratio of areas beneath curves (d) and (c), which is about 0-6. 
In the random-modulation case, assuming an input spectrum 
level up to 100c/s, weighting curve (5) is the relative amplitude 
spectrum of the output, and the peak-output/peak-input level will 
be the ratio of areas beneath curve (d) and line (a) in the range 
0-100 c/s, which is about 0:4. 

The suggested frequency weighting thus yields a constant 
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indication of subjective threshold value to within about 20% in 
all cases considered, which in view of the variations of judgment 
involved in such phenomena may be considered a reasonable 
result. An absolute calibration of the system is required, and 
this could be performed at a frequency of, say, 6c/s, taking as 
standard the mean value of 0:4%. For critical standards it 
might be preferable to assume a value of the mean less twice 
the value of the standard deviation, so that fewer than 5% of 
listeners would be expected to notice a defect in a recording 
up to standard. This value corresponds to 0-14% peak, or 
0:1%r.m.s., for a sinusoidal fluctuation, which is a value that has 
been accepted for many years as a good criterion for total 
permissible r.m.s. flutter in recording systems. 


(8.7) A Universal Weighting Curve for Amplitude-Fluctuation 
Measurements 


A similar method of weighting can be employed for ampli- 
tude fluctuations, using a curve which is the inverse of the 
amplitude-modulation threshold curve for piano programme 
material, and is also reproduced for the whole frequency range 
in Fig. 14. If information about h.f. modulation is not required, 
the peak around 6kc/s can be removed; if it is retained, care 
must be taken to exclude sources of noise, such as thermal 
and shot noise, which’) are present even when the recording 
medium is at rest. 


(8.8) Measuring System for Frequency and Amplitude 
Fluctuations 


A block diagram of the proposed measuring system for both 
frequency and amplitude fluctuations is shown in Fig. 17. In 
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The threshold in this case may also be confused by external 
factors concerned with the acoustics of rooms and loudspeakers. 
However, a practical and realistic approach to the problem is 
provided by considering results for the piano, for this instrument 
is well known to reveal, in the highest degree, the shortcomings 
of any normal programme-recording system. Consequently, a 
recording system manufactured to a standard suitable for piano 
programme material should be adequate for the recording of 
any other type of entertainment. The subjective tests carried 
out have involved a variety of listeners, expert and otherwise. 
Here again, such a compromise is necessary, for it would be 
possible to select individuals who are very sensitive to accidental 
amplitude- and frequency-modulations compared with the 
average listener. With these provisos the experimental results 
and calculations indicate that it is feasible to define frequency- 
weighting characteristics which can be incorporated into measur- 
ing chains so that the subjective effect of the accidental amplitude- 
and frequency-modulations occurring in any practical recording 
system can be registered. 
It is hoped that the composite curves of measured fluctuation 
thresholds, summarized in Fig. 14, and the weighting charac- 


- teristics which are the inverse of them, may provide a basis on 


which to lay down permissible standards of accidental amplitude- 
and frequency-modulation in recording systems. An encouraging 
feature of the results is that the standards required to suit the 
great majority of listeners are within reasonable engineering 
tolerances. 

Many of the experimental results given here may have applica- 
tion in other fields such as those concerned with the mechanism 
of hearing. 
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Fig. 17.—Block diagram of measuring system for frequency and amplitude fluctuations. 


practice, a tone from the reproducing chain in which frequency 
or amplitude modulation occurs would be fed, in turn, into the 
frequency- and amplitude-modulation chains and a reading 
obtained on the peak reading device or oscillograph, which had 
previously calibrated in absolute terms. A tone. of frequency 
3kc/s, which is becoming standard for such tests, could of course 
be employed. 


(9) CONCLUSION 

The development of suitable test apparatus has enabled the 
subjective thresholds established in the course of the work 
described to be related essentially to the practical case in which a 
programme of music or speech is recorded for entertainment 
purposes. Experience has shown that there is a wide range of 
tolerances and subjective thresholds and that they depend on 
the nature ot the programme being recorded. The recording 
of single tones, for example, may require exceptional manu- 
facturing accuracy and adjustment in the recording and répro- 
ducing systems if no unwanted modulation is to be detected. 
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(12) APPENDICES 
| a2. 1) Mathematical Analysis of Wow and Flutter Generation 


| Consider the recording system shown schematically in Fig. 18. 
The medium moves past a stationary recording head with 
a velocity compounded of constant velocity v) and a small 


Maes 
S(t)=Sta, sin ot 
ce S 


V(t)=VotV sin wt 


MEDIUM 


REPRODUCING 
HEAD 


VELOCITY=V, cos w)¢ 


RECORDING 
HEAD 


Fig. 18.—Mathematical relations in a frequency-fluctuation generator. 


unwanted variation vsin wf, a representative component of 
inevitable traction irregularities. Suppose that there is a correla- 
tion between the recording and reproducing process such that 
the reproducing head is centred at a distance s from the recording 


head, with reproduction taking place at a time of order Ty = s/U9 
later. Let there be some relative motion of the reproducing 
head (as in the pitch-fluctuation generator described) which can 
be represented by a small velocity v, cos wt, thereby causing 
the separation of heads to be s(t) = 5 + (v,/w,) sin w,t. It is 
proposed to determine the instantaneous frequency f, which will 
be reproduced from the system under various conditions when a 
signal of frequency / is fed into it. 

It is first necessary to determine T, the time at which reproduc- 
‘tion takes place. Since both the velocity and distance traversed 
by a recorded element before reproduction are time-dependent, 
T is found from the equation 


st +T) = i (UW + v sin wt)dt 
Therefore 


5 + (v/a) sin w(t + T) = VpT — (v/w) [cos w(t + T) — cos wt] 


or T—T=T7;sinw,(t+T)+T7>[cos w(t+T)—coswr] (1) 
where To = s[%, Ty = Y,[¥e@ 1, T = v]vow 
Clearly |T —To| < T, + 27, 


Unless w and w, are very small, 7, and T> are small quantities, 
since v/v is of the order of 1 % or less in any reasonable practical 
system and ¥,/v» is of the same order in the flutter generator 
described in Section 3. Hence squares of these quantities may 
be neglected and Tp substituted for T in the right-hand side of 
egn. (1), yielding the approximation 


T =Tpy + T; sin w(t + To) + Tp[cos w(t + Ty) — cos wt] 
(2) 
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A recorded signal V; = @(f) is reproduced as Vy) = kO(t — T), 


where & is some transfer constant, so that 
Vo = kO{t — Ty — T, sin w(t + Tp) 
— T»[cos w(t + To) — cos wt] } 


The ratio of the instantaneous frequency f, of output to the 
instantaneous frequency f of input will be d(t — T)/dt, by the 
usual definition, so that in this case 


+ 2wT> sin (wT /2) cos w(t+ To/2) (3) 
If s is made sufficiently small, 
sin (wT/2) ~ wTp/2 
and 
ff = 1 + (wos]v2) cos w(t + To/2) 
— (v,/¥9) cos w(t + To) (4) 


This is the equation which applies essentially to the high-speed 
disc and moving reproducing head used in the fluctuation- 
generator described. 

In normal recording systems, however, the reproducing head 
is stationary and the velocity of the medium varies. Here, then, 
v, = 0 and eqn. (3) becomes 


Sf = 1 + Qv/v9) sin (ws/2v9) cos w(t + To/2) (5) 


Thus there is no frequency change when ws/v) = 0, 277, 47, etc., 
and there is a maximum change when ws/v9 = 7, 377, 57, etc. 
The head spacing may then be arranged, in the limit, either to 
cancel or double a particular flutter frequency, although if the 
wow is complex it is clearly best to make the spacing as nearly 
zero as possible to achieve best overall cancellation. In the 
usual description of a frequency-modulated wave an equation 
such as (5) can be regarded as expressing the instantaneous 
frequency. The form in the case of frequency flutter is 


ft, =f + yfcos wt 
where the constant y is independent of /- 


(6) 


The general expression for frequency modulation is of the form 
V = Vo sin 27[ft + (Af/@) sin wt] 
where f is the carrier frequency, w/27 is the modulation fre- 


quency, and Af is the frequency deviation. This yields, for the 
instantaneous frequency, 


f; =f + Afcos wt. : (7) 
Comparing eqns. (6) and (7) it can be seen that for ques 
Af = yf 
i.e. the deviation is proportional to the recorded frequency. It 


is this identity which prevents the simulation of wow or flutter 
in complex programme signals by means of heterodyne or 
modulation systems. All such systems yield a deviation inde- 
pendent of the frequency of the signal components. The desired 
result can be achieved, however, by a memory device, which in 
the work described takes the form of a record on a magnetic drum. 


(12.2) Calibration of Pitch-Fluctuation Generators 


(12.2.1) The Magnetic-Dise Fluctuation Generator. 

The degree of amplitude-modulation of a signal can be 
measured without much-difficulty; the assessment of frequency 
deviation, however, requires care, especially when, as in recording 
systems, a component tone of the signal may be modulated at a 
rate in excess of both the deviation and frequency of the tone 
itself. This is a condition far removed from normal frequency 
modulation practice. Fortunately, wow and flutter are, by their 
parasitic nature, phenomena such that in practical cases the 
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frequency deviations are small. Thus the notion of instan- 
taneous frequency can be usefully employed, and approximate 
information obtained on the nature of the resultant waveform. 

The calibration of the magnetic-disc fluctuation generator was 
straightforward, since speed variations could be deduced from 
measurements centred on one particular frequency. For a 
given speed change the absolute frequency change in a recorded 
tone is proportional to the frequency of the test tone, so that a 
fairly high frequency was convenient for calibration. If too high 
a frequency was adopted, however, the general system noise and 
the amplitude modulation resulting from disc eccentricity created 
difficulties. A nominal calibration frequency of 3kc/s was 
therefore chosen and any amplitude modulation present was 
removed by a simple diode limiter. The calibration was carried 
out by applying the 3 kc/s tone, in which wow or flutter had been 
introduced by the generator, to a discriminator network which 
transformed the frequency variations into amplitude variations. 
The disc fluctuation generator was not used to produce flutter 
frequencies in excess of 100c/s, so the discriminator was not 
called upon to perform a linear amplitude conversion above this 
frequency. In this case a conventional phase discriminator of a 
type previously employed5 was used to advantage. Measurement 
of the rectified output of the discriminator enabled the speed 
variations of the cantilever-head system to be related to the e.m.f. 
applied to the moving-coil drive system. The flutter region 
calibrated lay between 0-Sc/s and 100c/s at magnitudes up to 
1-:5%, and the ratio of velocity-change to driving e.m.f. was found 
to be sensibly linear except for changes of less than 0:2% at 
frequencies below l1c/s. In that region friction in the pivot 
system became an appreciable factor, but such conditions, being 
in practice below subjective threshold, were not investigated. 

The calibration procedure for impulsive or square-wave modu- 
lation of the recorded signal was exactly the same, for the flutter 
waveforms were spectrally restricted to a few hundred cycles by 
the electro-mechanical behaviour of the system, and the frequency 
response of the conventional discriminator was still adequate. 
In certain experiments the cantilever-head system was driven by a 
source of random noise, and a pen recording was taken of the 
discriminator output. The frequency deviations were, in this 
case, of a stochastic nature, and the measurements were carried 
out (and results analysed) in the manner suggested by Axon and 
Davies.> The distribution of frequency deviations, as measured 
from the ordinates of the pen-recording, were closely described by 
a form of Poisson relationship, 
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in which A is a constant, g(r) is the number of occurrences of | 
frequency fluctuation of magnitude r, and n is the total number ol 

fluctuations recorded. The mean of this distribution has a value) 

of 3A and the mode a value of 2A. Thus the probable frequency 

excursion could be related to the level of noise applied to the) 

drive system. 


(12.2.2) The Electronic Flutter Generator. 


Tests with pure tones involved a more extreme range oj 
measurement, for test-tone frequencies ranged from 50c/s to! 
10kc/s, and modulation rates from 0:Sc/s to 10kc/s. Here the 
type of discriminator used for calibrating the magnetic-disc| 
generator was unsuitable. Use was therefore made of a dif-| 
ferentiating network having an output simply proportional to} 
frequency, with linear phase-shift, so enabling a wide range of 
values to be measured without error. All practical circuits have 
a cross-over from this desirable property at some frequency, but 
this can be made to take place outside the range of significant 
sidebands. 

The sensitivity of the arrangement was unfortunately small, 
giving only a frequency/amplitude-modulation conversion factor| 
of.unity. The effects to be measured were of the order of 
1% and the measurement of the signals had to be accomplished 
without recourse to frequency-dependent networks. This was 
achieved by a circuit shown in skeleton form in Fig. 19(a). The 


(6) 


Fig. 19.—Discriminator circuit for higher range of flutter frequencies. 


(a) Simplified diagram, 
(6) Voltage relations. 


signal V, after passing through the differentiating network CR 
was fed to the diode N, which cut off signals below a voltage V. 
This value was adjusted, as in Fig. 19(6), to be just below the 
minimum modulated input. The output voltage Vo was thus 
modulated by a large percentage, and more easily amplified and 
measured. In view of the widely varying ratios of carrier to 
modulation frequencies that were possible, the measurement was 
conveniently carried out by means of a scale on a cathode-ray 
oscillograph, displaying Vp on a suitable time axis. Without this 


’ visual display there were measuring difficulties when the modula- 


tion frequency approached, or exceeded, the carrier frequency. 
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SUMMARY 

| The problem of maintaining satisfactory emission in an oxide- 

cathode valve over long periods of time is examined in broad rather 
(a detailed manner. The approach is essentially experimental and 
starts from the basic assumption that the cathode will maintain its 
emission so long as it possesses a sufficiency of metallic barium in its 
oxide matrix. The general plan of the paper is to examine the 
| several factors leading to loss and gain of barium metal within the 
}§ cathode and then to attempt to estimate the conditions likely to result 
Hi ‘in a credit balance of barium over a long period of time. The tentative 
“conclusion reached is that a cathode working under a current load in 
-gas-free surroundings will continue to emit until the barium-oxide 
matrix is exhausted by electrolysis and evaporation. 
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OXIDE 


Part 1. EMISSION BEHAVIOUR OF AN 
CATHODE ON A PLATINUM CORE 


(1) INTRODUCTION 


(1.1) Scope of the Problem and Manner of Approach 


| The long-term emission stability of a high-vacuum oxide 
cathode is a subject which has received little attention in the 
‘literature. The rise of submarine telephony in recent years has, 
however, focused interest on the phenomenon, and the present 
‘paper attempts to assess the degree of probability of very long 
emission life in a cathode running under favourable conditions. 
Partly owing to the complexity of circumstance wherein the 
‘cathode works and partly owing to the time element involved, 
the problem of assessment is a formidable one, and the scope of 
the paper at this stage is perhaps over-ambitious. A certain 
‘modest progress has, however, been made over the past four 
years, and from this has emerged a hypothetical emission-life 
-model which may be of interest to some engineers. 

_ The approach to the problem has been twofold. The first line 
| is the conventional one of making pentodes under the best 
conditions known and subjecting them to prolonged life test. 
~The disadvantages of this technique are obvious—the tests are 
time consuming and lead to little appreciation of the complex 
‘interplay of forces contributing to the observed behaviour. Such 
_tests have, however, a part to play, and some use will be made of 
them in the paper. 

The second line of approach is a more difficult but potentially 
more fruitful one. An attempt is made to analyse the several 
forces in the valve leading to emission decay and emission 
enhancement (activation). A synthesis of the two opposing 
tendencies is then undertaken in order to find which set is in 
credit balance. The paper is primarily concerned with develop- 
ing this analytical approach. 

It has been found convenient to divide the paper into two 
parts. Part 1 examines in some detail a general pattern of 
behaviour of an oxide cathode supported on a chemically inert 
core metal (platinum). It has been found that the elimination 
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of oxidizing and reducing chemical actions of the core metal is 
a help towards understanding the basic behaviour of the cathode. 

Part 2 deals with the case of nickel-core cathodes. The 
simpler example of pure nickel is first examined, and this is 
followed by the complex active core of the type used in industry. 


(1.2) Valve Life 


In a recent paper by Eaglesfield! the conclusion is reached 
that the primary cause of performance deterioration in a well- 
processed repeater valve is the growth of resistive interface. 
Another paper? examines common receiving valves and con- 
cludes that deterioration is due partly to interface-resistance 
growth and partly to gas de-activation of the oxide cathode. 

It is some four years since these papers were prepared, and 
during that period a degree of progress has been made in the 
processing of high-grade valves—the interface effect can be 
eliminated? and considerable steps have been taken to reduce 
residual gas effects. Such valves of the high-slope pentode type 
show a negligible decay of mutual conductance over the first ten 
thousand hours of life. 

In ordinary circumstances it would now seem reasonable to 
allow the life problem to mature naturally—the next five or ten 
years should consolidate a situation which is already showing 
promise of coming under control. However, present circum- 
stances are peculiar in one respect; the expanding submarine- 
telephone art is largely dependent on valve life, and we are 
looking to the valve maker for something more than a considered 
optimism. 


(1.3) Cathode Life 


Forethought in design and care in production can probably 
eliminate the ordinary forms of valve failure with the one excep- 
tion of cathode emission decay; valve life therefore reduces to 
the problem of cathode emission life. 

The conventional barium-strontium-oxide cathode requires for 
its essential functions of matrix conductivity and surface emission 
a stoichiometric excess of the metal barium. This barium 
activator is subject to various forms of wastage, of which one, 
i.e. evaporation, is inexorable. An emission life of indefinite 
length is therefore only compatible with the existence of a 
perpetual barium regenerative action. 


(1.4) Life Model 


The present work is based on the use of a dynamic life model 
which asserts a continuous loss of barium from the barium— 
strontium-oxide matrix and a continuous replenishment. It is 
assumed that there are three possible ways in which the excess 
barium is lost and two possible ways in which it is regenerated. 

The course of the paper follows the general order of Table 1— 
the “‘loss’’ processes are first examined and then the “profit” 
processes, and subsequent Sections attempt to draw up a profit- 
and-loss account in barium for practical cathode cases. If the 
barium account shows a continuous decrement, the cathode life 
is finite; if the decay ceases in a finite time at an adequate level 
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Table 1 


Loss processes Profit processes 


(a) Oxidation of barium by 
residual gas 


(d) Electrolytic dissociation of 
basic matrix BaSrO 

(e) Chemical reduction of 
basic matrix BaSrO 


(b) Loss of barium to core 
metal 

(c) Evaporation of barium 
from emitting surface 


of barium balance, life is limited only by some factor other than 
cathode activity. 


(1.5) Core Metals 


Three types of core metal have been used in the course of the 
work, with the object of providing either the presence or absence 
of a reducing agent in the cathode system. The active or 
reducing core metal is a nickel alloy containing 0-05-0-10% of 
magnesium and silicon—a typical alloy used by manufacturers 
for receiving valves. The two other core metals are pure nickel 
and pure platinum. The analysis of these so-called pure metals 
is undertaken spectrographically and is a matter of some con- 


jecture. The platinum analysis, for example, gave the follow- 
ing figures: 

Magnesium 0-0001 % 

Silicon 0-0005 % 

Copper 0-:0005 % 


(1.6) Influence of Core Metal on Initial Activation 


It has been shown recently* at the Post Office Research Station 
and in the United States by Rouse and Forman that there is no 
significant difference in the initial emission level of cathodes 
processed on active nickel or pure platinum cores. Under the 
best laboratory conditions both core metals give rise to cathodes 
with emissions of 2-10amp/cm? at 1020°K. It seems, therefore, 
that the initial emission is independent of the amount or nature 
of the core activator. Emission decay rate will be shown later 
to be a function of initial emission level, and it is therefore a 
convenient circumstance that a standard diode fitted with different 
core metals can be initially activated to a common level. 


(1.7) Experimental Plan 


The experimental plan has been indicated in Table 1, and it 
remains to see how core variation can be fitted into this scheme 
to the best advantage. In investigating the “‘profit’’ processes it 
is essential to separate the electrolytic and chemical-reduction 
actions, and this is attempted by using core variation. To 
examine, for example, the electrolytic process the inert platinum 
core is used; profit in barium is then examined under conditions 
of current load and no-load through the cathode. Chemical 
reducing action is examined by employing the active nickel core 
under conditions in which the possibility of electrolytic action is 
absent, i.e. with zero cathode current. 

As the experimental work has involved the preparation and 
testing of a large number of standard diodes it has been found 
convenient to undertake the bulk of the work with one core 
type; to try to recognize some pattern of behaviour; and then to 
examine differences with the other types. At the time of starting 
the investigation only two types were available—active nickel 
and pure platinum—and the choice was therefore restricted to 
these alternatives. It was decided to undertake the general 
investigation on platinum for the following reasons. Usé of 
platinum would avoid the complications following the inevitable 
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growth of a resistive interface layer; the inert metal woul 
enable the electrolytic effect to be investigated without the con- 
fusing presence of a reducing agent; and finally there was an. 
instinctive feeling that the platinum case was the simplest and 
most fundamental form for a basic examination. As matters) 
have turned out there have been no regrets on this decision. 

Before turning to the emission-decay effects themselves, a short 
Section will be devoted to a description of the basic experimental 
tube and the technique of emission measurement. 


(2) STANDARD DIODE AND METHOD OF EMISSION 
MEASUREMENT 


(2.1) Standard Diode Type 6D15 


The standard diode type 6D15 employed in the work has a | 
2-watt rectangular-box indirectly-heated cathode and a collector 


consisting of a fine molybdenum-wire grid structure on parallel | 


copper or nickel support rods. The structure is, in fact, identical 
in general form to the cathode and control-grid structure of a 
typical high-slope pentode. The adoption of such an assembly 
has many advantages—it can readily be expanded to triode or 
pentode form, it enables the total emission of diodes and pentodes, 
to be directly compared, etc. 

The voltage/current characteristic of the diode is shown in 
Fig. 1, and it will be observed that a current of 100mA can be 


Current ,mA 


4. 5° 6 DTC RSC MIOR SI Ziels 
Voltage , volts 


Fig. 1.—Typical voltage/current characteristic of type 6D15 diode. 


drawn from the cathode surface (0-5cm2 area) before an ionizing 
voltage is encountered. The temperature of the cathode is 
related to the heater voltage in the manner of Fig. 2. 

The structure is inherently simple in construction, has a 
minimum number of piece parts and the collector is open to 
efficient r.f. heater treatment. 
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measurement of the 400mW of heater power. 
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Heater voltage , volts 


2.—Cathode-temperature/heater-voltage characteristic of type 
6D15 diode. 


Fig. 


(2.2) Processing Procedure 


The diodes were processed on high-grade bench pumps under 
the best laboratory conditions available with present-day equip- 
ment. Details of the pump’ schedule are given in Section 8.1, 
from which it can be seen that the valves are activated on the 
pump. Manifold pressure after breakdown was required to be 
better than 1 x 10°-6mm Hg. Géettering followed normal com- 
mercial practice, except that it was on a rather generous scale 
(6mg of barium). 

One point of interest may be seen from Section 8—all core 
types are given identical treatment, and this involves the passage 
of a heavy current through the cathode. This current is beneficial 
to the active-core type and essential to the passive type. 


(2.3) Measurement of Total Emission 
The total emission of a cathode is directly proportional to the 


‘matrix conductivity, which in turn is a direct function of barium 


concentration within the matrix. It follows that the measure- 


‘ment of total emission is a measurement of the barium content 


of the cathode matrix. The measurement technique employed 
in the present work is the low-temperature (700°K) method. 
With the type 6D15 diode a cathode temperature of around 
700°K is obtained by injecting 400mW into the heater circuit, 
and the total emission is measured by applying a voltage of 
+5:0 volts to the collector. The total emission should be 
3-10mA in a well-activated tube at the beginning of life. The 
reproducibility of the method depends on the known degree of 
resistance stability of the tungsten heater and the accuracy of 
Both of these 
practical points were satisfactorily arranged. 

All total emission measurements in the present work were 
made by the low-temperature method, but it is of interest to 
quote the proportionality factor for emission on the diode type 
6D15 at 700° K and the normal operating temperature of 1 020°K. 
The factor varies from valve to valve, but the average figure of 
1.000 is representative. This figure, which has been obtained 
by Holmes, converts total emission in milliamperes at 700°K to 
total emission in amperes per square centimetre at 1 020°K. 


(2.4) Assembly of Test Batches 


The measurement of a total-emission decay effect has always 
been undertaken by assembling a batch of samples, measuring 
the individual decay curves, and presenting the result as a mean 
characteristic. The method is laborious, but it prevents the 


collection of misleading information from individual ‘“‘rogue”’ 
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valves. The batch size varies somewhat according to the 
importance of the measurement and the availability of samples, 
but is normally between six and ten valves. 

The assembly of a batch requires care, as it will be shown later 
that decay rate is a function of emission level. The aim, there- 
fore, in batch assembly is the selection of samples with a closely 
grouped set of total-emission values and with a mean value as 
high as practicable. An initial mean total emission of 6-7mA 
is typical. A histogram of a group of diode type 6D15 samples 
is shown in Fig. 3, and it is clear that the selection of batches 
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Fig. 3.—Distribution of total emission. 


with mean total emission of 6—7mA is somewhat wasteful, but it 
has the advantage of extending the range over which decay occurs, 


(3) THE BASIC LONG-TERM DECAY EFFECTS ON A 
PLATINUM-CORE CATHODE UNDER ZERO-LOAD 
CONDITION 


(3.1) The Zero-Load Decay Characteristic 


In Fig. 4 is shown the zero-load decay characteristic of a 
typical group of platinum-core type 6D15 diodes running at a 
cathode temperature of 1020°K. The mean total emission 
has been plotted on a logarithmic time scale to emphasize the 
fact that after 5000 hours there is still no sign that the decay 
has come to anend. The rate of decay is, however, continually 
diminishing, and this is brought out in Table 2, which has been 
derived from Fig. 4. 


maui 


mit 


6 


a: 


CEE 


o 


> 


ee 


w 


TH 
rs 
Beis! qs 


is) 


Mean total emission ,mA 


cod 


10000 


1000 


0 
10 100 


Time , hours 


Fig. 4.—Zero-load decay characteristic. 
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Table 2 


Time of life Mean rate of decay 


u.A/hour 
200 


(3.2) Influence of Initial Emission on Zero-Load Decay 


The decay characteristics of a typical pair of valves selected for 
their difference in initial total emission is shown in Fig. 5. The 
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Fig. 5.—Influence of total emission level on decay rate. 


curves show that the rate of decay at any time is related to the 
magnitude of the emission at that time. The results emphasize 
the necessity for caution in assembling groups of valves for 
determination of a mean decay characteristic (see Section 2.4). 


(3.3) Influence of Cathode Temperature on Zero-load Decay 


The influence of temperature on the zero-load decay rates of 
groups of platinum-core cathodes is shown in Fig. 6. No decay 
occurs in the temperature range 650-800°K in 250 hours, and 
this period has been extended to 1 000 hours with similar results. 
Above 800°K decay sets in and thereafter increases rapidly with 
increase of cathode temperature. 

The results are set out in another form in Fig. 7, which relates 
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Fig. 6.—Influence of cathode temperature on zero-load decay rate. 
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Fig. 7.—Relation of cathode temperature to time for 50% emission 
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cathode temperature to the estimated time in hours to decrease 
the total emission by one-half of its initial value. It seems that 
here is a fairly narrow temperature range below which the 
mission is stable with time and above which a progressively 
‘apid decay occurs. 
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® CAUSE OF DECAY ON A PLATINUM-CORE DIODE 
UNDER ZERO-LOAD CONDITION 


(4.1) Survey of Possibilities 
The decay effects described in Section 3 are assumed to be due 
0 loss of excess barium by the cathode matrix. This loss must 
vave been caused either by destruction of barium in situ by 
esidual gas action, or by physical removal of barium in elemental 


orm from the matrix. This removal may occur by direct’ 


vaporation or by core solution. These are the logical possi- 
yilities, and it is probable that all three modes of loss contribute 
0 the decay phenomenon in a practical valve. It is the object 
yf this Section to attempt to place the three modes in a relative 
der of magnitude, for the type 6D15 diode. 


(4.2) Investigation into Residual Gas Destruction of Excess 
Barium 


Evaporation and core solution of barium from a matrix are 
pecific physical operations and may in time be defined in terms 
yf mechanical dimensions, temperature, solubility, etc. The two 
juantities can be regarded as constant in similar cathodes running 
mder similar conditions. Gas attack is, however, a somewhat 
andom operation depending on the fortuitous circumstances of 
lve manufacture. The decay characteristic of Fig. 4 is there- 
ore compounded of two fixed physical components and one of 
| random nature. In starting the present inquiry into the 
nagnitude of gas action contributing to the decay of Fig. 4, it 
yecomes essential to define the base-line of processing quality 
ontrol on which the residual gas pressure depends. From such 
| base-line a series of controlled sorties can be made to influence 
he decay rate by further improvements in the degassing treatment 
f individual members of the valve structure. 

The base-line of process control adopted for the present 

avestigation is that used for the preparation of platinum-core 
entodes for Post Office submerged repeaters (see Section 8.2). 
‘he process is based on hydrogen firing of metallic piece parts 
rior to assembly, and its success depends on a correct assessment 
f factors such as firing temperature, duration of treatment, 
ydrogen purity, etc. The results of this standardized processing 
lave given satisfaction with pentode production, and the system 
3 probably the best available starting-point for the diode type 
115 investigation. The results of Section 3 were obtained on 
iode type 6D15 samples pre-processed in this manner. 
The way to go is now clear. The batch decay rate of standard 
rocessed diodes is used as a control against which to compare 
he decay rate of an experimental batch having standard pro- 
essing for all piece parts except one, which is given a much more 
laborate degassing treatment. By comparative experiments of 
his type the whole of the metal components are systematically 
xamined. 

An exhaustive programme of work on the above lines failed to 
Iter the decay rate over 250 hours by any greater amount than 
jas_to be expected from experimental error. These results 
sem to indicate either that residual gas is not diffusing from 
1e metal components of the diode, or at least that such gas is 
enerated too slowly to influence the decay rate in a measurable 
ay over the period of observation. The batch size in these 
xperiments was six to eight samples. A typical result is shown 
1 Fig. 8. 
Attention was next turned to the possibility of gas evolution 
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Fig. 8.—Decay characteristic of a control and experimental batch of 
type 6D15 diodes. 


x Control batch. 
© Specially outgassed collectors. 


from glass and mica, and certain of these experiments are perhaps 
of sufficient interest to merit brief description. Two examples of 
the glassware investigation will be mentioned. The normal 
running temperature of the envelope is 35°C, and one experi- 
mental batch was run in an oven at 100°C. No difference in 
decay rate over 250 hours was observed between the experimental 
batch and a control batch running at the normal envelope tem- 
perature. In a second experiment the area of the barium getter 
flash on the interior surface of the envelope was varied. The 
approximate surface coverage in the control case was 20%, and 
in the two experimental batches it was 40 and 80%. No dif- 
ference in decay rate was observed. From such experiments it 
was concluded that the main decay effect was not due to the 
evolution of gas from the glassware of the diode type 6D15. 

The mica problem was approached in two ways—first the 
thermal vacuum pre-processing was altered over a substantial 
range, and secondly the quantity of mica used was altered by one- 
half. Neither variation affected the decay rate over 250 hours. 

One final experiment may be mentioned, since it indicates the 
extent of the work devoted to the gas investigation. It was felt 
that there was a possibility of electrolytic oxygen evolution from 
the hot alumina used.as tungsten-heater insulant. To test this 
hypothesis a new heater was designed with thicker tungsten wire 
and so proportioned that, for the same heater power and cathode 
temperature, the new heater ran at approximately 100°C lower 
in tungsten temperature than the standard heater. As electrolytic 
conductivity is an exponential function of temperature, this 
difference should make a substantial change in the rate of oxygen 
evolution if this does indeed occur. Comparative tests of decay 
rates, however, gave a null result, and alumina electrolysis is 
eliminated as a cause of the decay. 
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The effort put into the gas investigation was a substantial one 
both in time and materials, but the results were uniformly null in 
character. The general conclusion reached, therefore, is that, 
over the test period of 250 hours involving a fall of some 70% 
of the initial total emission, the contribution to the decay by gas 
action is negligibly small. It follows that the decay in the 
diode type 6D15 during this test period is primarily due to loss 
of excess barium by core solution and/or by evaporation. 

All these experiments were carried out at a cathode temperature 
of 1 020°K 


(4.3) Absorption of Excess Barium by the Platinum Core 


(4.3.1) Basis of Experimental Approach. 

If a standard type 6D15 platinum-core diode is made up with- 
out its barium—strontium-oxide matrix it can still function asa 
diode provided that the bare platinum cathode is raised to a 
sufficiently high temperature. Some typical results of such a 
measurement are shown in Fig. 9, where the tubes have been 
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Fig. 9.—Emission/time characteristic with a bare uncontaminated 
platinum cathode. 


run at a cathode temperature of 1 250°K and with 6-0 volts 
on the collector. The total emission is seen to rise to a few 
microamperes and then to fall steadily to a low value of around 
0:O0iwA. The relatively high initial value is doubtless due to 
contamination of the platinum by some low-work-function 
metal such as calcium which distils off as time proceeds. As 
the platinum surface becomes cleaner the work function 
approaches 5-3eV, and at 1 250°K this results in an emission 
of negligible proportion. If at this stage a trace of metallic 
barium is distilled on to the clean platinum surface, the work 
function will fall drastically and a very large increase in emission 
can be expected. 
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The comparison of total emission from a clean and a bariuj 
contaminated platinum cathode is the basis of the method used | 
investigate absorption of barium in the platinum core of t_ 
type 6D15 diode. After a supposed absorption has taken pla: 
the platinum-core oxide cathode is removed from its dio: 
structure, the barium-strontium-oxide matrix is stripped by < 
acid process, and the bare contaminated core is reassembled in 
a type 6D15 diode. The total emission at 1 250°K is th¢ 
measured over a time period using a new uncontaminat, 
platinum-core diode as control. 


(4.3.2) Experimental Detail. 


A typical example will now be described to make the expe1 
mental technique clear. Suppose it is desired to investigate tl| 
barium content of the core metal after the 250-hour decay. 
batch of six samples with a mean total emission of around 6m 
is run under zero-load conditions for 250 hours during which tt 
mean total emission falls to 2-OmA. The cathodes are remove) 
from the diode structure, and the barium-strontium-oxide a | 
is stripped by the following acid treatment : 


Acid: Analytically pure hydrochloric acid diluted with srt | 
volume of distilled water. 
Time: 10min. 


This treatment is repeated to give three immersions in all 
with renewal of the acid at each treatment. The cathodes ai| 
finally washed in distilled water. 

The bare stripped cathodes are then reassembled into type 6D1. 
diodes and given the standard pump and process schedules fc) 
these valves. The batch is now ready for measurement wherei) 
the cathodes are maintained at 1 250°K and the total emissio| 
of each sample is measured by the application of 6 volts t| 
the collector at regular intervals. The measurement is cor 
tinued until the total emission has fallen to some low valu 
The required characteristic is the mean total emission plotte 
against time. A parallel control experiment is finally undertake) 
using new platinum cores in the processed state attained pric 
to the normal barium-strontium-carbonate spraying operatior| 
A typical result is shown in Fig. 10, where curve (a) represents th 
clean core and curve (5) the contaminated core after the 250-hou 
decay operation. 


(4.3.3) Interpretation of Results. 


It is assumed that excess barium has diffused into the platinur’ 
core from the overlay of the activated barium-—strontium-oxid 
matrix. The acid stripping process will remove the matrix ani 
destroy the excess barium lying exposed on the actual platinun 
surface, but it will not affect the platinum itself or the barium 
lying beneath its surface. After reassembly and application o 
a temperature of 1 250°K to the cathode the interior barium wil 
start diffusing through to the platinum surface, and the tota 
emission will accordingly rise. This rise will continue until th 
surface concentration comes into equilibrium with the interio 
concentration. Once on the surface, however, the barium i 
subject to evporation, and this will lead to a progressive loss 0 
barium from the core metal as a whole. The total emissioi 
therefore starts to fall, and this trend continues until it reache 
the level appropriate to pure platinum. 

This hypothetical picture of the total-emission/time charac 
teristic can be taken a step further. Suppose the core contain) 
n atoms of barium and the average time that each atom reside: 
on the cathode surface is t; then during surface residence the 
atom is responsible for passing an element of current i and ar 
element of electrical charge it. Since all barium atoms mus’ 
eventually pass through the cathode surface, the total quantity 
Q, of electricity liberated from the surface is 
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Fig. 10.—lllustrating effect of barium absorption by core metal. 


At constant cathode temperature it is reasonable to assume that 
it is constant. 


Therefore Ocn 


This relation implies that the integrated area under the curve (b) 
of Fig. 10 is in direct proportion to the barium content of the core. 


(4.3.4) peers affecting the Degree of Barium Contamination of the 
ore. 


The characteristics of Fig. 11 illustrate an attempt to gain some 
understanding of the factors that affect the degree of core con- 
lamination. Each curve represents the mean of six samples, and 
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Fig. 11.—Conditions affecting degree of core contamination. 
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the determinations have been carried out under the conditions 
described in Section 4.3.2. The circumstances appropriate to 
each curve are listed in Table 3, where 


V;, = Operating heater voltage during oxide-cathode decay 
period, volts. 
t = Time of operation at voltage V,,, hours. 
Io = Mean initial total emission at beginning of oxide-cathode 


decay, mA. 
I;,; = Mean total emission after time ¢, mA. 
Al; — Tro aa Ir - 


Q = Area enclosed by curves, mAh. 
The whole series was undertaken with the oxide-cathode under 
zero-load condition. The bare platinum cores were measured 
for the function QO at 1 250°K. 


Table 3 


Remarks 


Pure platinum 
Contaminated 
platinum 
Contaminated 
platinum 
Contaminated 
platinum 
Contaminated 
platinum 


* Corresponding to a cathode temperature of 850°K. 


From the information given in Table 3 the following tentative 
conclusions are drawn: 

(a) Core Absorption —From curves (i) and (ii) it is concluded 
that a powerful absorption of barium into platinum has occurred 
during the activation and operation of the cathode. 

(b) Influence of Al,.—From curves (ii) and (iii) it is concluded 
that the quantity of barium absorbed by the core metal is a 
function of the range over which the total emission has decayed 
during the absorption period. 

(c) Zero Time Absorption.—The presence of barium in the core 
metal [curve (iv)] immediately after manufacture shows that 
penetration occurs during this phase. 

(d) Influence of Temperature——Curve (v) shows that little 
barium passes from matrix to core at a temperature of 850°K, 
and this accords well with the observed lack of emission decay 
at temperatures below 800°K (see Section 3.3). Mobility of 
barium is clearly necessary both for core absorption and emission 
decay. 


(4.4) Loss of Excess Barium by Evaporation 


(4.4.1) Evidence of Loss. 

The main fall of emission in the platinum-core diode type 6D15 
over the first few hundred hours of life has now been traced to 
an actual physical departure of barium from the matrix. Of 
the two possible modes of egress it has been shown that core 
solution is a powerful contributor, and it remains to be seen 
whether evaporation has an effect of comparable magnitude. 

That barium is evaporated from oxide cathodes is common 
experience and was perhaps first demonstrated in the classical 
experiments of Becker.6 With active nickel-core cathodes the 
evaporation is so rapid that at 1 250°K a black stain of metallic 
barium is deposited on the valve envelope in 20 or so hours, 
and can be recognized by a sodium rhodizonate test. No such 
powerful reaction is observed with a pure platinum-core cathode, 
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and the act of evaporation must be demonstrated in more 
subtle fashion. 

An experiment carried out by C. B. Johnson’ at Dollis Hill 
will be used to demonstrate the evaporation and at the same 
time to introduce a physical phenomenon which is to be con- 
sidered in the next Subsection. In this experiment two groups 
(50 each) of platinum-core pentodes type 6P12 were prepared 
under identical conditions and run on the life-test racks at the 
same cathode temperature but at different anode dissipations. In 
group A the anode temperature was 350°C, and in 5 000 hours 
this group had shown a significant growth of anode-control-grid 
capacitance. This capacitance growth is due to the deposition 
of barium films on glass envelope and mica. Group B runs 
with the anode at 240°C, and in the same period shows no 
sign of capacitance growth. A further point of interest is that 
the mean total emission of group A is about 50% higher than 
the mean value of group B. It is proposed by Johnson* to 
explain these events in the following terms. Barium is evaporated 
from the cathode in both groups, and this barium falls on the 
nickel anode plates. In group B with its cooler anode the barium 
settles and remains on the anode surface. In group A the 
barium falls on to a hotter anode surface, re-evaporates and 
passes back either to the cathode or to the insulating surfaces 
of the valve. This secondary evaporation gives rise to the 
higher total emission of group A and also to its growth of 
capacitance. 

The hypothesis is neatly confirmed by placing the aged group 
B under conditions of group A—a very large but transient rise of 
total emission results immediately and the group ea 
increases in capacitance. 


(4.4.2) Rate of Evaporation Loss Relative to Rate of Core Absorption. 


The experiment described in this Section was based on the 
idea that barium is re-evaporated from a nickel anode main- 
tained above 320°C. If the hot anode or reflector completely 
encloses the cathode, barium will be returned to the cathode as 
fast as it leaves and no resultant surface loss of barium will occur. 

To develop this idea a type 6D15 diode was surrounded with 
a nickel shield running at a temperature of 345°C, and a decay 
curve was taken over the first 250 hours of life. The results are 
given in Fig. 12 as mean curves for a control batch and a shielded 
batch. Preliminary inspection shows that the rate and form of 
the decay is practically unaltered by shielding, but the total 
emission is everywhere increased in the shielded case. The 
_ Teason for this upward shift of the characteristic has been 
examined and the following explanation is offered. The total 
emission, measured at 400mW, has an ambient temperature 
coefficient of +0:6% per deg C. The casing of the ordinary 
valve at 400mW has an ambient temperature of around 22°C 
corresponding to the envelope temperature; the shielded valve 
running at 400mW has a shield temperature of 56°C. There is 
therefore a difference of 34°C in ambient temperature between 
the two cases, and this leads to an error of 20°8% in the total 
emission level. The temperature correction has been applied to 
the shielded case, and this brings them both into approximate 
coincidence. 

Some thought has been given to the influence of this shield 
on the temperature of the cathode during the decay period. 
For a common heater voltage of 6:0 volts the shielded cathode 
will run a little hotter than the standard structure. This does 
not matter in respect of evaporation, since any increase in rate 
of departure is compensated by an increase in rate of return of 
barium. With regard to core diffusion, however, the decay 
rate should be increased, but there is no evidence in Fig.) 12 to 


* Mr. Johnson was assisted in this explanation by some useful conversations with 
Dr. J. J. Lander of Bell Telephone Laboratories. 
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Fig. 12.—Influence of evaporation on initial decay characteristics. 


(a) Shielded case. (c) Temperature correction. 
(b) Normal type 6D15, 


I 
show that this is happening. It is possible, of course, that the) 
increase in core-metal temperature is too small to show a} 
detectable increase in diffusion rate, and this is confirmed to) 
some extent by direct measurement of the tungsten-heater tem:| 
perature in the two cases—at the same heater voltage no dif-| 
ference in heater temperatures could be detected. 

In arranging the experiment it was found impracticable to| 
enclose the cathode completely by the hot reflector, and end-gaps 
had to be accepted. The ratio of gap area to total area within 
the box was approximately 1:15, and it is assumed that the 
rate of evaporation loss from the system as a whole is reduced 
by this factor. The experiment is a slight one, but it gives 
support to the view that evaporation loss is not the predominant 
factor during the first few hundred hours of the decay. 


(5) DECAY IN A PLATINUM-CORE CATHODE UNDER 
LOAD CONDITION 


(5.1) Short-Term Decay 


So far, all the work described has been carried out under 
zero-load condition, so that the decay effects can be examined 
without the confusing presence of a possible electrolytic reactiva- 
tion by cathode current. The influence of a cathode load will 
now be studied, and Fig. 13 shows the relative influence of 
different levels of cathode current over a period of 900 hours. 
The curves are for mean values of ten samples in each group’ 
with all valves selected for an initial total emission of around 6mA. 

The drastic initial decay from 6 to 3mA is seen to be hardly 
affected by the cathode load, and over this phase, covering 
around 50 hours, the predominating influence is core absorption. 
Below a total emission of 3mA, however, the influence of current 
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Fig. 13.—Influence of cathode current on decay characteristics. 


becomes apparent, and the decay rate is inhibited by an amount 
_ which is some function of the current magnitude. It is hoped 
in the present Section to go some little way towards proving 
that a cathode current results in the continuous production. of 
- barium within the matrix, and this hypothesis will be used as an 
explanation of the influence of current magnitude on the decay 
rate. 
(5.2) Long-Term Decay Characteristics 


Sufficient has now been said to attempt a prediction of the 
long-term behaviour of a gas-free platinum-core-cathode valve 
running under load condition. Three factors have to be taken 
into consideration, namely core absorption, evaporation, and 
electrolytic production of barium, and the resultant of these 
actions will determine the total-emission level at any time. In 
the initial stage the predominant influence is core absorption, 
and this will shape the total-emission/time characteristic for the 
first hundred hours. As soon as the barium concentrations in 
core and matrix approach equilibrium, the influence of core 
absorption becomes negligible, and the two factors of evapora- 
tion and electrolysis remain to settle the total-emission level. 
Depending on evaporation rate and current the barium con- 
centration in the matrix will approach a constant value, and 

. the total-emission/time characteristic will become parallel to the 
time axis. This picture is, of course, essentially hypothetical, 
depending on the reality of the supposed electrolytic generation 
of barium. : 

Two actual cases of decay will be examined. The first con- 
cerns a group of platinum-core pentodes prepared with all known 
precautions against presence of residual gas, and the second 
concerns a similar group B in which residual gas is present. 
The two cases are shown in Fig. 14, and the gas-free group is 
seen to conform, so far as the test goes over 8 000 hours, with 
the picture presented above; i.e. a rapid initial fall is followed by 
a flattening of the characteristic to an approximately constant 
| value. 

The second case shows the behaviour of a group suffering the 
effects of residual gas generated from an imperfectly processed 
control grid. It has been shown elsewhere that the residual gas 
pressure in such circumstances is a maximum at zero time and 
decays in a roughly exponential manner. The rapid initial decay, 
therefore, is due primarily to gas deactivation of the matrix. As 
the pressure falls the destructive action becomes progressively 
slower until it comes into equality with the barium-producing 
electrolytic mechanism. Thereafter the electrolytic action is in 
the ascendancy, and the matrix recovers towards its equilibrium 
value. 
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Fig. 14.—Effect of gas attack on emission of groups of working 
valves. 


(5.3) Influence of Cathode Current on Storage of Barium in a 
Platinum Core 


The technique described in Section 4.3 for examining the 
absorption of barium in the platinum core provides a useful tool 
for investigating the effect of cathode current on barium produc- 
tion in the matrix. Ifa current flow results in continuous barium 
production, it is reasonable to assume that a proportion of this 
barium finds its way into the core. In this Section a direct 
comparison is made between the barium content of two cores— 
one which has served its life under a matrix carrying current and 
the other under one carrying zero current. 

The practical details of the measurements are similar to that 
described in Section 4.3.2, and each curve in Fig. 15 is the mean 
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Fig. 15.—Influence of cathode current on barium storage in 
platinum core: 


of six samples. The three cases reported were not set up 
deliberately for the present purpose but were withdrawn from 
the life-test racks as suitable subjects for investigation. Details 
of the life conditioning are set out in Table 4, together with the 
mean values of Q for each case. The bare-cathode emission/time 
curves from which the Q functions are derived are shown in 
Fig. 15. 

The 6T15 type is identical in form to the type 6D15 diode, 
except that it is fitted with a third electrode and was run as a 
100-volt triode during the life conditioning. 
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Table 4 


Valve type 


Vg = Heater voltage during life conditioning. 
t = Time of life conditioning. 
= Cathode current during life condition. 
OQ = Quantity of electricity obtained from bare cathodes at 1 250°K. 


The results appear to have considerable significance. The 
zero-load diode has accumulated no barium in its core and seems 
to have depended on its initial stocks—a result which shows that 
the reducing action of platinum on the barium-strontium-oxide 
matrix is of negligible importance. Both the current-carrying 
cathodes give unmistakable signs of substantial barium accumula- 
tion, and this can only have resulted from the action of cathode 
current. 


(5.4) Probability of Dispensation of Barium from Platinum Core 
to Matrix during Valve Life 


The experiments described in Section 5.3 suggest that core 
dispensation of barium to the matrix may-exert a beneficial 
influence during the life of a platinum-core valve. If the matrix 
suffers a sharp fall of total emission following a transient gas 
attack, it can expect a flow of barium from the core to assist its 
reactivation. 

This possibility has been examined experimentally. A batch 
of six valves was run under current load condition for 3 000 hours 
to stock the cores with barium. The cathodes were then stripped 
of their barium-—strontium-oxide matrix in the usual way and 
remounted in the bare state as type 6D15 diodes. After 
increasing the emission to a maximum at 1 250°K (see Fig. 10) 
the batch was placed on long-term life test at the conventional 
cathode temperature of 1 020°K, and the total emission at this 
temperature was observed of a period over 6000 hours. Results 
are plotted in Fig. 16 and indicate that after 6000 hours the 
cathodes were still dispensing an appreciable supply of barium 
to the cathode surface. The emission from a pure platinum 
cathode at 1 020°K would be at least 1 000 times lower than the 
value reached at 6000 hours on the contaminated cores. This 
dispensing action will be illustrated in greater detail in Section 5.7. 


(5.5) Depth of Penetration of Barium into the Platinum Core 


The depth of penetration of barium into the platinum core is 
of interest and has been investigated in two cases—one with a 
life history of current load and the other without load. The 
technique used is to cut the platinum surface to a known depth 
with aqua regia and then measure the core for function Q, in 
the usual manner. In Table 5 results are set together with values 
of Q which which would be expected on the uncut surface. 

The depth of cut d represents the thickness of the outer 
platinum surface removed, expressed as a percentage of the 
original platinum-core thickness. 


Table 5 
Batch No. Depth od cut, O- Q Ageing condition 
mAh mAh 
1 10% 0-0062 100 eae 
2 vA 0-0087 100 = 0) 4 
3 LW; 0-0822 800 1 he hee for 3 000 hours 
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Fig. 16.—Dispensation of barium from a bare platinum core. 


Batches 1 and 2 were zero-load conditioned and show that 
barium penetration is largely limited to about 1 % of the platinum 
depth. Batch 3 shows a slight tendency to increased penetration 
under the impulse of cathode current. 


(5.6) Influence of Cathode Current on Recovery of a Platinum- 
Core Oxide Cathode from Oxygen Attack 


Useful information can be obtained by observing the behaviour 
of an oxide cathode under oxygen attack, and this general line of 
enquiry has received considerable attention at the Post Office 
Research Station. The example quoted in this Section is typical, 
and shows the influence of cathode current on recovery from an 
attack. Experimental procedure takes the following form. A 
platinum-core type 6D15 diode is processed, and its space-charge 
characteristic is measured on a high-grade bench pump using 
silicone oil as its working fluid. After processing the valve with 
its cathode at a temperature of 1 020°K, it is subjected to pure- 
oxygen poisoning at a pressure of 1 x 10~4mm Hg for 16 hours. 
The gas supply is then cut off, the residue is pumped away to 
a pressure of 5 x 10~6mm Hg, the getters are flashed, and the 
valve is sealed from the pump ready for experimental examination. 

The cathode is first run under zero-load conditions at a cathode 
temperature of 1020°K, and the space-charge condition is 
explored at intervals by a low-voltage pulse method over a 
period of 40min. At the end of this period the voltage is 
applied continuously to the collector for another 40min. The 
results are set out in Fig. 17 in the form of a percentage recovery 
with time of the initial space-charge current—the initial value 
being that measured before the application of the oxygen attack. 
The curve shows no recovery during the zero-load period, 
followed by a rapid and complete space-charge recovery under 
load. 
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Fig. 17.—Influence of current on recovery of a platinum-core 
cathode. 


This general type of poisoning-reactivation experiment is 


' capable of many variants, and two will be mentioned as examples. 


(5.7) Influence of Core Dispensation of Barium on Recovery from 
Oxygen Attack 


_ It has been shown in Section 4.3.4 that there is a considerable 
core absorption of barium during the actual processing of a 
platinum-core valve. This absorption represents a _ reserve 
which may assist the cathode in recovery from an oxygen attack. 
To demonstrate this action the experiment of Section 5.6 is 


| repeated but with the following variation: the zero-load phase 


sion of barium from core to matrix. 
| period at a cathode temperature of 1 020°K the space-charge 


is extended from 40min to 800 hours to allow time for the diffu- 
During this extended 


condition of the cathode is examined periodically by a low- 
voltage pulse method; the results are set out in Fig. 18: It is 
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Fig. 18.—Influence of core dispensation on recovery from an 
oxygen attack. 


“apparent from the curves that considerable space-charge recovery 


has taken place without the aid of cathode current, but the rate 
of recovery is very slow. The phenomenon is assumed to be 


due to core dispensation. : 


(5.8) Nature of the Current-Dependent Activation 
_ The passage of an electron current through the oxide-cathode 


‘sets up a potential gradient across the matrix. The hot barium- 
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strontium-oxide ionic lattice is thus under electric stress, and it 
is assumed that this results in a straightforward electrolysis. 
There is some evidence to support the idea of such a Faradic 
action in the manner of the recovery of cathodes from oxygen 
attacks. It has, for example, been found that the recovery rate 
is very dependent on the level of current traversing the cathode. 
At a cathode temperature of 1020°K and an oxygen attack of 
the type recorded in Section 5.6, recovery at a current of 30mA 
takes about 30-40min, whereas recovery at 3mA takes 10— 
15 hours. The recovery is assumed to be complete when the 
normal-temperature total emission has reached lamp/cm?. These 
cases seem to indicate a dependence of recovery on the quantity 
of electricity. 


(5.9) Conclusions 


The primary object of Section 5 has been a search for the 
existence of a mode of excess barium production based on 
cathode current. Three points of significance have emerged: 

(a) The dependence of the total-emission level on current level. 
(6) The accretion of barium by the platinum core under load 
condition. 


(c) The dependence of emission recovery on cathode current after 
an oxygen attack. 


On the whole the evidence is regarded as strongly supporting a 
theory of continuous, current-dependent activation of a cathode. 


(6) HYPOTHETICAL EMISSION-LIFE MODEL OF A 
PLATINUM-CORE CATHODE 


(6.1) Under Zero Load 


Under zero load and freedom from gas attack the behaviour 
of the platinum-core valve appears relatively simple. In a well- 
activated cathode with high initial total emission, the emission 
decay over the first few hundred hours is dominated by the 
phenomenon of core absorption. As the barium concentrations 
of matrix and core approach equilibrium the rate of total-emission 
decay falls to a low value, and the phenomenon of evaporation 
becomes the prime compelling factor. During this long-term 
phase of evaporation loss, the barium-concentration gradient 
between matrix and core changes direction, and the core begins 
to dispense barium to the matrix. This dispensation has the 
effect of inhibiting the rate of decay due to evaporation. Despite 
core dispensation, however, the trend is towards loss of barium 
from the cathode system as a whole, and the decay tendency is 
regarded as continuing indefinitely until the matrix concen- 
tration comes into equilibrium with the partial pressure of barium 
within the tube. 


(6.2) Under Load 


The reaction of the cathode under a constant-current load is 
obtained by superimposing a constant reactivation effect on to the 
zero-load model. Decay is everywhere slowed up until it ceases 
altogether at the point in time when evaporation loss is balanced 
by electrolytic production of barium. 


(6.3) Under Gas Attack 


Experience shows that gas attack in valves may take two 
forms: one is finite in duration decaying in approximately 
exponential fashion, and the other is indefinitely continued. 
The first form is a thermal outgassing phenomenon, and the 
second results from electron bombardment of insulating parts. 

The cathode reaction under load follows from an application 
of the principle of superposition. With the decaying type of 
attack the total emission falls below the equilibrium value of 
Section 6.2 and then slowly recovers to the normal equilibrium 
level as the gas pressure is withdrawn. Under a continuous 
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attack the total emission decays to a constant level below that of 
Section 6.2 and dependent on the relative magnitudes of evapora- 
tion rate, gas destruction rate and electrolytic reactivation rate. 


(6.4) Comment 


This life model of the platinum-core oxide cathode is based on 
the experimental evidence of previous Sections together with two 
further assumptions—that the electrolytic action is invariant 
with time and that the behaviour of the cathode towards oxygen 
is representative of all other gases found in the working valve 
envelope. The picture presented is no more than a working 
hypothesis which is in harmony with a reasonably wide range of 
observed experimental facts. 


(7) CONCLUSIONS 

Two main conclusions are drawn from Part 1 of the paper. 
First, the behaviour of the gas-free platinum-core oxide cathode 
can be defined in terms of core solution, evaporation, core dis- 
pensation and electrolytic regeneration. Secondly, the cathode 
is largely immune to the action of oxygen. Once the attack is 
withdrawn the necessary excess barium is regenerated by 
current action. 


(8) APPENDICES 


(8.1) Pump Processing Detail for Standard Diode Type 6D15 


(a) Seal valve on to pump and evacuate to a pressure of 
S x 10-5mm Hg. 

(b), Bake for one hour at 400°C. 

(c) Eddy-current heat collector. 
tion at 900°C. Degas getters. 

(d) Decompose cathodes to the following schedule: 


Three doses of 15sec dura- 


Heater voltage 


* Or until manifold pressure falls to 5 x 10—® mm Hg. 


(e) Repeat as for (c) with V,, = 11 volts. 
(f) Collector bombardment: 


Time ig 5min 
Heater voltage 11-0 volts 
Collector voltage 10-0 volts 
Collector current 100mA 


Flash getters and seal off pump. 
(g) Further activation: 


Collector 


Heater voltage voltage 


volts 
10-0 
10:0 


volts 


11-0 
7-0 


Allow valves to cool and measure total emission at 400mW. 
No further treatment is given to the diode after this stage. 


(8.2) A Few Details on Piece-Part Pre-Processing 


(a) Glassware. Conventional treatment. =f 
(6) Mica. Vacuum stoved at 550°C for 16 hours, and stored 
in vacuum. 
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(c) Metal piece-parts. Degreased and then hydrogen stoved, 
for 5 hours at 950°C. Special precautions are taken to maintain 
hydrogen purity. 
(d) Carbonates. 
work is a conventional co-precipitated one of barium-strontium 
carbonates in equimolecular proportion. The binder is a nitro- 
cellulose one, and the sludge is applied in the normal way by 
spraying to a known thickness and density. 


Part 2, EMISSION BEHAVIOUR OF AN OXIDE 


CATHODE ON PASSIVE AND ACTIVE NICKEL 


CORES 
(9) INTRODUCTION 


The barium-oxide-on-platinum system has been found to be. 
The core metal is chemically inert and enters 
into none of the basic cathode reactions apart from its absorption’ 


essentially simple. 


effect. This absorption lends to the core its one positive func- 
tion—that of acting as a ‘‘bank’’ of excess barium. 
The nickel-core cathodes are more complex in behaviour, since 


the base metal itself and its useful contaminants are chemically | 


active and play an influential part in the emission life of the 
cathode. It will be found helpful to study these chemical 
actions in isolation, and a start will therefore be made by 
examining the pure or passive nickel case. This is very similar 
to platinum in behaviour but with two differences: the absorp- 
tion effect is largely absent and the core metal is strongly reactive 
to oxidizing residual gases at the working temperature. Once 


The carbonate sludge used throughout the 


the pure nickel-core behaviour is appreciated, the more complex . 


case of the active core can be approached with greater equanimity. 


(10) PASSIVE NICKEL-CORE BEHAVIOUR 
(10.1) Core Metal 


Very pure nickel is difficult to obtain, and in the present work 


a supply of nickel has been used that, although much purer than 


the conventional active-core metal, is still capable of some 


reducing action. Two supply sources were considered, one from 


an electrolytic method and the other from a powder-metallurgy 
carbonyl process. Quantitative spectrographic analysis of the 
two sources gave very similar results, and the data quoted below 
refer to the electrolytic type: 

0:003% 

0-001-0:0005 % 


These figures-must be treated with reserve, but they indicate that 


Silicon 
Magnesium 


the activity of the passive metal is between 10~! and 10-2 of 


that of the conventional active cores. 

It will be clear from these considerations that the passive 
nickel is pure only in the sense that it has a much lower level of 
activity than the normal core. Experience has shown, however, 
that this difference is a useful experimental device and leads to a 
contrasting behaviour from which certain chemical actions can 
be reasonably inferred. 

The relative levels of gross reducing power can be better 
appreciated from a simple experiment. Two batches of type 
6D15 diodes are prepared, one with passive and the other 
with active nickel cores. After the usual processing the two 
batches are run at 1 250°K for 50 hours. At the end of the 
run the active-core batch has developed an intense black stain of 
metallic barium on the glass envelope opposite the oxide- 
cathode; the stain in the passive-core batch is only just visible 
on careful inspection. That the stains in both cases are primarily 
barium is proved by opening the envelopes to air, whereupon 
the stains instantly disappear. 


, 
? 

| 

| 


(10.2) Emission Decay under Zero-Load Condition 


The mean zero-load decay characteristic of a group of type 
| 6D15 diodes fitted with passive nickel cores is shown in Fig. 19, 
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Fig. 19.—Zero-load decay characteristics. 


(a) Platinum. (c) Active nickel. 
(b) Passive nickel. 


together with the curve for platinum as a reference (the curve 
for active nickel should be ignored at this stage). The behaviour 
of the two cathode types is strikingly different, and may be 


: summarized in the following way: 


| (a) Over the first 1 000 hours the mean emission in the passive- 
nickel case is much superior to that in the platinum case. 

' (6) After about 4000 hours the characteristics converge, and 
thereafter the order of emission merit is reversed. 

(c) With the passive nickel core the emission rises to a maximum 

over the first hundred hours, whilst with the platinum core it falls 
continuously. 
_ These differences in behaviour must be due to one or both of 
the following causes: the presence of the low residual level of 
reducing power in the passive core, or differences in the basic 
properties of platinum and nickel. The first of these alternatives 
will be examined in this Section and the second will be con- 
sidered in Section 10.4. 

If the difference in behaviour is due to the presence of the 
residual reducing power of the passive nickel core, the degree of 
difference should be lessened by a lowering of the reducing 
power. The idea was put to the test in the following manner: 
A group of ten passive nickel cores were mounted in type 6D15 
Structures and given the usual pump process. The bare cores 
were then run at a temperature of 1 500°K until a dense cloud of 
the core metal had evaporated on the glass envelope. This 
process caused a heavy loss of the volatile magnesium con- 
taminant and resulted in a lowering of the gross reducing power of 
the core. The cores were then recovered, sprayed with car- 
bonates and processed in the usual way as type 6D15 diodes. 
_A test over 6 000 hours resulted in a mean characteristic which 
showed no significant difference to that shown in Fig. 19. It 
is concluded, therefore, that the basic differences between the 
two characteristics of Fig. 19 are not due to the presence of the 
residual reducing power of the passive nickel core. 


(40: 3) Investigation into Relative Rates of Absorption of Metallic 
Barium by Passive Nickel and Platinum Cores 


The difference in behaviour shown in the zero-load decay 
characteristics of passive-nickel and platinum cores can obviously 
be explained by a difference in the capacity of the two metals 
‘to absorb barium. That such a difference exists and is indeed 
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very large can be shown by the following experiment. Two 
batches of platinum and passive-nickel cores were mounted bare 
in envelopes and given the usual vacuum processing. Each core 
was then set at a temperature of 1 000°K, and about 2:5mg 
of barium metal were distilled on to its hot surface from a getter. 
This distillation was carried out with the hand applicator of an 
eddy-current-heating machine in such a way that the period of 
distillation covered about 30sec. The cores from both batches 
were then recovered by opening the envelopes under fresh dis- 
tilled water, dried and remounted as bare-core type 6D15 diodes. 
After vacuum processing both batches were run at a cathode 
temperature of 1 250°K and a record was taken of the respective 
Q figures in milliampere-hours. The mean results for four such 
determinations are given in Fig. 20. 
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Fig. 20.—Characteristics of Q figures. 


(a) Platinum. 
(6) Nickel. 


Comparison of the two characteristics shows that the platinum 
batch is immensely more active thermionically than the nickel 
batch. The Q figures derived from the characteristics are as 
follows: 


Qp, > 40 000mAh 
Oy; = 0-78mAh 
Qp,| Qn; > 50 000 


If it is assumed that the Q figures indicate the relative absorption 
rates, it seems that at 1 000°K platinum absorbs barium at least 
ten thousand times faster than does nickel. 


(10.4) Interpretation of Results 


An attempt will be made to explain the differences in the form 
of the zero-load decay characteristics of oxide cathodes on 
platinum and passive nickel cores. For the purposes of analysis 
it will be assumed that the two systems are mechanically identical, 
have no reducing power, run at the same temperature under gas- 
free conditions, and that platinum alone has the power to absorb 
barium. Such a system has no means of generating barium and 
can only lose the metal by evaporation. It will further be 
assumed that the whole of this loss is by way of the outer surface 
of the oxide matrix. The rate of barium loss from this surface is 
directly proportional to the concentration n’ of barium atoms 
lying on the surface, and from the known proportionality between 
surface emission and matrix conductivity, the loss rate can be 
related to total emission by 


Rate of barium loss © n’ oC (total emission)? 
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The total barium loss over a period of time is thus a function of 
the integral of the (total emission)2/time characteristic, and the 
losses of the two systems can be directly compared since their 
outer matrix surfaces are identical in all respects except con- 
centration of barium. A derived (total emission)?/time charac- 
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Fig. 21.—Derived (total emission)?/time characteristics. 


(a) Pure nickel. 
(6) Platinum. 


teristic is given in Fig. 21, and integration of such curves over a 
period of 3 500 hours gives the following results: 


3 500 


Nickel [a 1) 7dt = 660 units 
0 


3500 
Platinum system | (I7)?dt = 143 units 
f 


Barium balance = 517 units 


The period of 3 500 hours has been chosen since it coincides 
with the cross-over point (Fig. 19) of the two characteristics where 
both matrices must have the same barium concentration. 
-Assuming equality of barium concentration at zero time, it 
seems that at 3 500 hours the platinum system still ‘“‘banks’’ in 
its core metal a balance of 517 units, or 80% of its original stock, 
whereas the nickel-system stock is approaching exhaustion. 
The probability of further life after 3500 hours thus appears 
more likely for the platinum than for the nickel system. The 
ideal core-matrix system would therefore seem to be one capable 
of transferring almost the whole of its zero-time barium stock to 
the core and then feeding the metal back into the matrix at a 
rate just sufficient to maintain the total emission at an adequate 
working level. The level accepted as adequate for the 2-watt 
cathode submarine repeater valve is about 150A. This 
analysis covers points (a) and (b) of Section 10.2. 

The third significant difference in the characteristics of Fig. 19 
is the relative behaviour over the first 100 hours of test: with 
the platinum system the emission falls continuously, whereas 
with the nickel system it rises to a maximum at about 100 hours 
and then starts to decay. This difference is of interest, and an 
attempt will be made to explain it on the following lines. 
Imagine an oxide-cathode system in which the barium-—strontium- 
oxide matrix is stoichiometric. Owing to the absence of excess 
barium the work function of the system will be high and the 
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emission very low. If barium is now admitted to the matrix; 
the emission will rise and the work function will fall progressively | 
to a low value of about 1-leV. As injection of barium con-, 
tinues the work-function trend is reversed, and it rises asympto- 
tically to a limiting value of 2:4eV, as the ratio of barium to 
barium-strontium-oxide becomes infinitely great. 

Minimum work function or maximum emission is then 
identified with an optimum value of the ratio of barium to 
barium-strontium-oxide. The rising characteristic of the nickel 
system is explained in the following terms. Up to 100 hours 
the ratio of barium to barium-strontium-oxide is greater than 
the optimum value, and the total emission rises because the 
matrix is losing barium by evaporation. At 100 hours the ratio 
is at an optimum, and thereafter it falls together with the total 
emission. In the platinum case it is assumed that the rapid | 
absorption of barium into the core ee during actual manu- | 
facture leaves the matrix with the ratio of barium to barium—_ 
strontium-oxide at or less than the optimum value at the | 
beginning of the test life. | 

This rather slight hypothesis has some little experimental 
backing. Examination of a number of type 6D15 oxide cathodes 


on platinum cores showed a proportion which did in fact rise — 


to a maximum total emission before starting the decay. The 


time at which the maximum occurred was, however, always less | 


than 5 hours. 


In a more deliberate experiment a type 6D15 


diode was processed in the presence of a barium generator of | 


the batalum type. After the usual vacuum treatment, which 
included thorough outgassing of the batalum element, some 
barium metal was distilled on to the cathode at 1020°K. The 
emission fell during the period of distillation and then slowly 
recovered to its’ previous value as the condensed barium on its 
surface dispersed by evaporation. This effect may be due either 
to a temporary increase in work function or to an increase in 
thermal emissivity. The result is inconclusive but not destructive 
to the hypothesis. 


(11) OXYGEN ATTACK ON THE PASSIVE NICKEL CORE 


(11.1) Comparative Behaviour with Platinum Core 


The first of the two major differences between the core metals 
lies in their relative ability to absorb barium; the second con- 
cerns their reaction to oxygen attack. Platinum is unaffected, 
but nickel is powerfully oxidized at 1 020°K, and this leads to a 
remarkable contrast in behaviour of the two cathode systems. 
A simple experiment will illustrate the point. Two type 6D15 
diodes—one fitted with platinum and the other with passive- 
nickel-core oxide cathodes—were mounted on a bench pump, 
processed and then subjected to 16 hours of oxygen poisoning 
at a pressure of 1 x 10~4mm Hg and a cathode temperature of 
1020°K. After pumping away the gas, the pair were sealed | 
from the pump, getters were flashed and the cathodes were run 
for 30min at 1 020°K with 8 volts applied to the collectors. The 
voltage/current characteristics before the oxygen attack and after 
recovery treatment are shown in Fig. 22. The platinum-core 
case has completely recovered whereas the nickel case shows no 
sign of revival whatsoever. On further running of the nickel 
cathode at 1 250°K no further improvement occurred. This 
radical difference in behaviour can only be due to core oxidation 
in the nickel case. 


(11.2) A Reaction between Nickel Oxide and Barium Oxide 


It is assumed in the experiment of Section 11.1 that an interface 
layer of nickel oxide forms during the oxygen attack and that 


this layer prevents a subsequent reactivation. The.existence of 


the layer seems to be proved in the following experiment. Two 
sets of type 6D15 diodes with passive nickel cores were prepared, 
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_ Fig. 22.—Voltage/current characteristics before and after oxygen 
attack. 


(c) Platinum before attack. 


(a) Nickel before attack. 
(d) Platinum after attack. 


(6) Nickel after attack. 


and after vacuum processing, one set was subjected to oxygen 
poisoning at a pressure of 1 x 10-4mm Hg for 16 hours at 
1020°K. After pumping off the gas, getters were flashed and 
both groups were subjected to a steady increase of cathode 
temperature. The normal group showed no change of appear- 
ance of the oxide-cathode surface as the heater voltage was 
increased to 20 volts; the oxygen-poisoning group, however, 
gave a powerful reaction when the heater voltage reached about 
15 volts. This reaction takes the form of a vigorous fusing of 
the matrix from the normal white granular structure to a purple- 
brown fluid. The cathode temperature at which the reaction is 
first observed is about 1400°K. Typical samples from both 
groups are shown in alternate positions in Fig. 23. 
The chemical reaction underlying the phenomenon is thought 
_to be the formation of a fusible barium nickelite of the barium— 
nickel-oxide type, which is known to follow the interaction of 
barium oxide and nickel oxide at red heat. Two interesting 
points of practical importance to working valves arise from 
the question whether the nickel-oxide interface layer is stable 
with time and whether the nickelite reaction occurs at the normal 
working temperature of 1 020°K. 


(11.3) Stability of the Nickel-Oxide Layer 


A useful idea of the stability of the nickel-oxide layer with 
time at 1 020°K can be gained from the following experiment. 
Two batches of type 6D15 oxide-cathode diodes with passive 
nickel cores were vacuum-processed. One batch was held as a 

control, and the other was submitted to oxygen poisoning at a 
pressure of 1 x 10~4mm Hg for 16 hours at 1020°K. After 
_ pumping away the gas, getters were flashed and the valves were 
sealed from the pump. Both batches were then run under zero- 
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Fig. 23.—Reaction between barium oxide and nickel oxide. 


load condition for a test period of 500 hours at 1020°K. At 
the conclusion of the run both batches were subjected to a 
steadily increasing cathode temperature; the control batch was 
unaffected, but the oxygen-treated group showed the intense 
nickelite reaction at about 1400°K. It is concluded that the 
nickel-oxide layer is relatively stable at 1020°K. Microscopic 
examination of the cathode surfaces before the overheating 
treatment showed no differences between the batches, and this 
seems to show that prolonged heating at 1020°K does not 
initiate the nickelite reaction. 


(11.4) Reduction of the Layer by Hydrogen 


_ That the nickel-oxide layer is readily reduced by hydrogen is 
shown by the following experiment. Three passive nickel-core 
type 6D15 diodes were subjected on the pump to an oxygen 
attack at a pressure of 1 x 10~4mm Hg for 16 hours at 1 020°K. 
The gas was then pumped away and one valve was sealed off 
as a control sample. The two test cathodes were then set at a 
temperature of 1020°K and subjected to the action of pure 
hydrogen at a pressure of 1 x 10~4mm Hg with the collectors 
at 8 volts. Complete space-charge recovery was effected after 
3 hours of this treatment. Attempts to recover the control 
sample after the firing of its getter were unsuccessful, and after 
five hours’ treatment at 1 300°K it had regained only 10% of its 
original space-charge current. 


(12) ACTIVE NICKEL-CORE BEHAVIOUR 


It has been found useful to describe the behaviour of the 
passive nickel core as similar to the more basic platinum case, 
but with two differences; i.e. prevalence to core oxidation and an 
absence of core absorption. Following this precedent the case 
of the active nickel core will be based on the behaviour of the 
passive core, the one and only difference between the two cases 
being the introduction of powerful reducing agents capable both 
of direct chemical production of barium from the matrix and of 
reduction of the nickel-oxide layer. It will suffice, therefore, to 
limit work on the active core to a study of these reducing actions. 

The active-core nickel used for experiment in this Section con- 
tained approximately 0-08 % magnesium and 0:08 % silicon, and 
was typical of the core metal used in industry. Both contami- 
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nants are capable of direct reduction of barium oxide on the 
following lines: 
Mg+ BaO= MgO-+ Ba 
Si + 4BaO = Ba,SiO, + 2Ba 


and the by-product of the silicon reaction is the undesirable 
orthosilicate interface layer. Calculation of the gross reducing 
power of the alloy shows that a typical cathode core is capable 
of producing several hundred times the quantity of barium 
necessary for full activation of the matrix overlay. 


(12.1) Reducing Power at 1 250°K 


During manufacture, valve cathodes are taken up to a tem- 
perature of 1 200-1 300°K for a period ranging from 5 to 30 min, 
and the reducing power of the core under these conditions is of 
interest. The action can be demonstrated in the following 
manner: Two groups of type 6D15 diodes, one fitted with 
platinum and the other with active nickel cores, were processed 
and run at a cathode temperature of 1 250°K for 50 hours. The 
active group developed an intense black stain of metallic barium 
on the glass envelope whilst the platinum group showed no 
stain at all. The stain was proved to be barium by its reaction 
to a rhodizonate test and its instant disappearance in air. 


(12.2) Reducing Power at 1 020°K 


Reducing power at the conventional operating temperature of 
1 020°K can be demonstrated as in Section 12.1. At the lower 
temperature the action is, of course, much slower, but the 
envelope stains of barium in valves of the active group are 
visible after 3 000 hours and fairly dense after 5000 hours. No 
stains at all are visible in the control passive-core batch. Both 
batches are aged under zero-load condition, and must be pro- 
cessed to a sufficiently high degree of vacuum to avoid oxidation 
of the deposited films during the test run. 

It is clear that reducing power is available at the conventional 
operating temperature and must be considered as a potent factor 
in maintaining emission in early life. 


(12.3) Decay of Reducing Power during Life 


(12.3.1) Probable Form of Decay. . 


The reducing power of an active nickel core is a finite quantity, 
and must suffer decay as it does useful work. To perform such 
work the reducing element must cross the core-matrix boundary 
and enter the matrix itself. If it is assumed that this boundary 

“is freely traversed, the problem of decay is a relatively straight- 
forward exercise in diffusion theory. Thus if Ro is the reducing 
power at zero time, the decay factor will take the general form 


R, = Rog7* 


The factor A can be expressed as a half-life function, and this 
itself will be an exponental function of core temperature. 


(12.3.2) Investigation of Decay in Working Valves. 


So far as the author is aware there is no published work on 
the problem of decay of reducing power with life. This is not 
altogether surprising, since such an investigation would require 
deliberate planning and a wait of years before useful results 
could be obtained. The general lines on which such a test would 
be based would be the assembly of a large group of identical 
valves and their ageing in batches for times ranging from zero 
hours to 50000 hours or more. The cores would then be 
recovered and examined for changes in concentration of the 
reducing agents. 

No such deliberate experiment has been arranged at the Post 
Office Research Station, but by chance a small group of common 
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y 
pentode valves which fulfilled the general requirement wer¢ 
found in the Life-Test Section. These valves came from a single 
factory run and were all aged under similar conditions. The 
cathodes were recovered, stripped of the matrix overlay by 10% 
acetic acid and distilled-water washing, and then subjected to | 
quantitative spectrographic analysis for magnesium. The results 
are given in Table 6 and the mean values in Fig. 24. 


Table 6 


Life, hours 


Individual determina- 
tions, % magnesium 
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Fig. 24.—Decay of magnesium with working life. 


Each of the figures in Table 6 represents the result obtained | 
on one cathode core, and the individual values.are set up to | 
help assess the significance to be given to the mean results. The 
batch is a small one, but there seems to be evidence to show that) 
the bulk of magnesium decay occurs within the first 10 000 hours | 
of life at 1020°K. The levelling-out of the characteristic at a. 
magnesium concentration of 0:044°% may be due to one or both | 
of the following causes: | 

(a) The zero-time magnesium concentration of 0:076% may con- 
tain up to 0:044°% in oxide form. 

(6) The growth of the barium-orthosilicate interface layer may | 
inhibit the passage of metallic magnesium from core to matrix after — 
the first few thousand hours of life. 

No attempt was made to determine the decay of silicon with 
time, since it was found difficult to separate the sample from the 
orthosilicate layer. 

A second and rather different approach to the problem was 
made on three groups, each of six samples, which had aged for 
0, 4000 and 14000 hours, respectively. The cathodes were 
recovered, stripped of matrix in the usual manner, resprayed 
with carbonates and remounted as type 6D15 diodes. All the 
valves were then pumped to a gas-free condition, the getters . 
were fired and the cathodes were run at 1 250°K for 50 hours. 
This is a simple test of gross core activity, which is measured by | 
the intensity of the barium-metal stain deposited on the glass 
envelope. To give the test some little quantitative significance 
the stain densities were matched against a standard photographic 


stepped density wedge* having a span of 21 steps ranging from 
the barely visible (No. 1) to the almost black (No. 21). The 
mean intensity number for each group of six samples is plotted 
in Fig. 25 against the ageing time in hours of the cathodes at 
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Fig. 25.—Stain-intensity-number/time characteristic. 


1020°K. The test is undeniably crude, but it has the merit of 
showing the trend of gross effective reducing power in striking 
fashion. The results are consistent with the spectrographic 
evidence, and show a rapid decline in the first few thousand hours. 
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nickel and active nickel. The supposedly significant chemical 
reactions are set out in Table 7, in which R represents the reducing 
element in the active-nickel case. 

It has been shown that the nickel-oxide interface found in the 
passive-nickel case is relatively stable with time at 1 020°K and 
prevents the build-up of an electrolytic action which might lead 
to rapid reactivation of the cathode. That a similar nickel-oxide 
layer occurs with the active core can be taken for granted, but 
in this case means are available for its reduction. If platinum 
and active nickel cores are subjected to a common oxygen 
attack of limited duration, it can be anticipated that the platinum 
cathode will recover rapidly by electrolysis whilst the active case 
will react in more leisurely fashion depending on the rate of 
flow of reducing agent to the oxide interface. The rate of 
recovery of the active core will therefore be a function of tem- 
perature, and its completion will only be possible if there is at 
least a chemical equivalence between gross reducing power and 
the mass of the nickel-oxide interface layer. These predictions 
are substantiated by experiment, and Fig. 26 shows a typical 
recovery characteristic from an oxygen attack at a pressure of 
5:0 x 10°-5mm Hg for 10min at 1020°K. After shutting off 
the gas the valves were allowed to pump down for 10min and 
then sealed from the manifold. No getters were used in the 
tubes, and recovery was effected at 1 020°K with a voltage of 
8 volts on the collectors. The recovery curves are expressed as 
percentages of the space-charge current given by each tube before 
the onset of poisoning. 


Table 7 


Platinum Pure nickel 


Active nickel Phase 


2Ba+ O2 = 2BaO 2Ba + 


O2 
2Ni + O2 


12.3.3) Comment. 

The evidence of Section 12.3.2 is slight and leads to little more 
than an impression of fairly rapid decay of conventional reducing 
power at 1 020°K. If a simple exponential form of decrement 
holds good, an estimated half-life of 10000 hours at 1020°K 
would lead to virtual extinction of reducing power at 50 000 hours. 


(12.4) Zero-Load Emission Decay Characteristic 


The mean zero-load decay characteristic at 1020°K for a 
sroup of ten active nickel cores is shown in Fig. 19, together with 
the characteristics for passive nickel and platinum as a reference. 
The only known difference between the two nickel cases is in the 
soncentration of reducing power. The two characteristics are 
similar in form, and the effect of increasing the reducing power is 
0 displace the emission peak along the time axis by about 
3000 hours. This shift is thought to be due to excess barium 
Sroduction by the reducing agents delaying the approach of the 
natrix to the optimum ratio of barium to barium-strontium-_ 
yxide. If this view is accepted, it must be extended to include 
he cause of rapid decay of total emission after 3 000 hours as 
eing due largely to the decay of reducing power.. 


(13) OXYGEN ATTACK ON THE ACTIVE NICKEL CORE 


13. Ay Comparative Behaviour of Platinum and Active-Nickel-Core 
Cathodes 


The chemical complications of an oxygen attack on an oxide 
athode increase progressively with cores of platinum, pure 


, * Kodak No. 3 density strip. Density increment, 0-15. 


— 


Poisoning 
Poisoning 
Recovery 
Recovery 


BS 

= 100 + Jae 

A (a) al oe 

gv, 80 + named 

5 ‘eae 

S / 

theone= | | 

z 2 H (b) 

3 40+ ft-+ 

He } | x. iis ee 

= ale 

& 20-41 | L — 
a eal r aay 
mien jg is 20 2S «30. SS 40m ads 


Time , min 


Fig. 26.—Recovery of active nickel- and platinum-core cathodes from 
a mild attack of oxygen. 


(a) Platinum. 
(b) Active nickel. 


The oxygen attack in fhe above experiment is regarded as mild 
and well within the capacity of the gross reducing power of the 
active core. 


(13.2) Comparison of Behaviour under a Heavy Attack 


To demonstrate the relative response to a heavy oxygen attack 
the two type 6D15 diodes were subjected for 16 hours to a 
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pressure of 1 x 10-4mm Hg at 1020°K. After pumping away 
the excess gas, the valves were sealed from the pump, the getters 
were flashed, and the cores were left to reactivate at 1 020°K 
under the current-carrying condition. Recovery was rapid and 
complete in the platinum case but notably absent on the active 
nickel core. Extensive treatment. at 1 250°K also failed to 
improve the nickel core, and it seems clear that the nickel-oxide 
interface is more than cheimically equivalent to the gross core 
reducing power. If the core is finally taken up to 1 400-1 500°K 
it tends to discolour—probably a mild example of a nickelite 
reaction. 


(13.3) Influence of Cathode Current on the Reactivation of an 
Active-Core Cathode 


A group of three active-core type 6D15 diodes was activated 
on the pump and subjected to a mild oxygen attack at 1020°K 
under a pressure of 5:0 x 10-5mm Hg for 4min. The gas was 
then pumped away and the valves were sealed from the manifold. 
Recovery was effected at 1 020°K with one control sample under 
current load and the other two with zero load. From time to 
time the two test valves were explored for reactivation state by a 
1sec pulse method at the same potential as that employed in the 
control case. The results are set out in Fig. 27, and they show 
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Fig. 27.—Influence of cathode current on recovery of active-core 
cathodes. 


(a) Continuous cathode current. 
b) and (c) No cathode current. 


that recovery is largely independent of current flow, and with the 
two test valves it may be regarded as a simple chemical reducing 
action. It will be recalled from Part 1 that in the platinum case 
no such recovery is possible, and quick reactivation is basically 
dependent on current flow. 


(13.4) Nickelite Reaction with Active-Core Cathodes 


A useful impression of the role played by the core activator in 
the recovery of active-core cathodes from oxygen attack can be 
gained by comparing the nickelite reactions on passive and active 
nickel cores. Two groups of type 6D15 diodes were processed, 
subjected to 16 hours at a pressure of 1 x 10-4mm Hg at 
1 020°K and sealed from the pumps after the firing of the getter. 
Both groups were then run at 1 250°K for two hours to enable 
the core activators to work on the nickel-oxide interface. The 
cathodes were finally taken up to 1 400-1 500°K, whereupon the 
passive group showed an intense purple nickelite reaction whilst 
the active group gave only a faint discoloration. It is imagined 
that the active cores effectively reduced the nickel-oxide layer. 
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(13.5) Vulnerability to Oxygen Attack Na 


It has been shown that platinum is greatly superior to both’ 
nickel-core types in recovery from oxygen attack, and it might be’ 
assumed that the platinum-core valve is relatively careless of gas 
and easy to process. However, this is not the case, and Fig. 28 | 
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Fig. 28.—Response to common oxygen attack. 


(a) Platinum core. No reducing power. } 
(b) Passive nickel core. Low reducing power. : 
(c) Active nickel core. High reducing power. } 


shows that platinum is much more vulnerable to a common | 
oxygen attack than either passive or active nickel cores. The | 
reason for this lies clearly in the absolute dependence of the 

platinum core on electrolysis, whereas the two nickel cores are 

able to regenerate barium to varying extents independent of the 

existence of cathode current. It follows that, in early life at 

least, the active nickel core can maintain a common level of 

emission ata higher residual gas pressure than:can the platinum 

core. This insistence on a high quality of vacuum for efficient 

operation is a characteristic of platinum-core valves, and probably 

explains the difficulty that experimenters have encountered in , 
preparing such valves with high emission levels. 


(13.6) Comment. 


The passive nickel core was seen to differ from platinum in its 
prevalence to core oxidation and its general inability to clear itself 
of its nickel-oxide interface layer. The addition of core reducing - 
power has enabled the active nickel core to cope much more 
successfully with this layer and to bring its buoyancy under — 
oxygen attack more into line with that of platinum. However, 
there is a definite limit to the extent of oxygen attack that the | 
active core can withstand, whereas there appears to be no > 
reasonable limit with platinum. This limit is probably reached 
when the nickel-core layer is chemically equivalent to the core 
reducing power. 

In a well-processed gas-free valve some core oxidation may 
occur during manufacture, but this is readily cleared, leaving the 
bulk of core reducing power available for reduction of the matrix 
itself. The resulting action at 1020°K is a powerful flow of 
metallic barium, which maintains emission at an abnormally high 
level. Between 3 000-6 000 hours this action slows down, and 
the emission begins to fall steadily until after 15000 hours it 
reaches the same adequate steady working level as that of a 
similar platinum-core cathode operating under the same current- 
carrying condition. 

The virtues of this heavy flow of barium in early life are 
difficult to assess. The abnormally high level of emission during 
the first 5000 hours leads to no material improvement in per- 
formance of the common receiving valve and represents a | 
prodigal expenditure of barium. In a badly processed valve 
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suffering from high residual gas level the superfluity may have 
merit in keeping the cathode in operation for a few thousand 
hours; under gas-free conditions, however, the flow can be dis- 
advantageous since it covers the insulating surfaces of the valve 
with a conducting film of barium and gives rise to electrical 
leakage, growth of stray capacitances and to intermittent noise. 

The reliance to be placed on core reducing power as an aid to 
valve life over 100 000 hours is problematical. The power suffers 
decay, and at 1020°K it seems probable that the half-life is 
under 10000 hours with activity approaching a theoretical 
‘exhaustion at 50000 hours. If the cathode temperature drops 
to 900°K, the rate of deployment of the activator is substantially 
reduced, and under such circumstances might be a valuable aid 
in the 100 000 to 200 000-hour range. 


(14) CONCLUSIONS 


The long-term emission behaviour of an oxide cathode has 
been examined in a broad rather than detailed fashion, and a 
generally consistent pattern of behaviour has been observed. 
The basic model now accepted by the author is a matrix running 
under gas-free conditions, losing barium by evaporation and 
regaining it by electrolysis. In such a system both the working 
level of emission and the rate of barium evaporation are functions 
of cathode current, and in the equilibrium state atoms of barium 
and negative ions of oxygen leave the cathode separately but in 
equal numbers. Chemical activation plays no essential role in 
the model, and its provision is regarded only as a technical aid 
to the cathode in its combat with residual gas in early life. 

Perhaps the most interesting impression gained from the work 
has been the relative simplicity of oxide-cathode behaviour in the 
absence of a confusing core chemistry. It has, for example, been 
shown that the barium-strontium-oxide matrix is largely immune 
from permanent damage by molecular-oxygen attack, and after 
restitution of the vacuum condition it shows a natural inclination 
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to reassume its useful active state under the impulse of current 
flow. 

This is essentially an interim report, and the only justification 
for the emission-life model at this stage is that it seems in 


harmony with known facts. 
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DISCUSSION BEFORE THE RADIO SECTION, 20TH APRIL, 1955 


Dr. D. A. Wright: The paper presents some new results of 
considerable importance in a very clear and interesting manner, 
and it is very valuable, in particular, to have the behaviour of 
coatings of platinum established so definitely. I would like, 
however, to make a few critical remarks on some matters of 
detail. 

First, my own experience comparing pure and active nickel 
does not entirely agree with that given in References 4 and 5. 
We have found that if we give the minimum processing treatment 
which is sufficient to produce optimum emission from coatings 
on active nickel, the same processing treatment, applied to 
coatings on pure nickel, does not in general produce such a high 
emission. Moreover, at all earlier stages of processing the 
emission from the pure nickel is lower. It should be noted that 
this is not a statement that pure nickel gives lower emission 
than active nickel; further activation will improve the emission 
from coatings on pure nickel, and it may ultimately become 
comparable with that from coatings on active nickel. 

We have convinced ourselves, too, that with active nickel the 


coating in the best state of emission that we can produce has an- 


optimum surface covering of barium, and has distributed in the 
coating also what seems best described as an optimum barium 
concentration. With the pure nickel cathode, the concentration 
of barium, both in and on the coating, is less than with the active 
nickel after a treatment identical with that which suffices for 
full activation of the latter. 

These remarks are not very helpful, of course, unless one can 
‘suggest some reasons for the difference in results, and at present 
I am not able to do this. It would have been helpful, in dis- 


cussing such differences, if in Section 8 the temperatures had 
been given at the different voltages in the processing treatment, 
ie. 7, 10, 11 and 12 volts. 

However, in view of the difference in results, I feel doubtful 
about the interpretation which the author gives of Fig. 19, ice. 
in terms of conditions in which too much barium is present in 
the coating. : 

I agree completely that, by distillation of barium from an 
external source on to the coating, one can lower the emission, 
by forming too much bulk on the surface. But we have never 
found evidence that this greater-than-optimum concentration 
can be produced by thermal treatment of the coating itself or by 
drawing current from it. Of course, this does not prove that it 
cannot happen, but we have never found it to happen. 

Secondly, I am uneasy about the statement in Section 2.3 that 
emission is directly proportional to conductivity. Incidentally, 
this statement would contradict the suggestions in Section 10.4 
about what could happen if too much barium were present. 
Under many conditions this statement is true, but it need not 
always be true. The requirement is that the situation at the 
surface remains constant while the internal barium concentra- 
tion is altering. If the situation at the surface is constant, both 
the conductivity and the emission are determined by the position 
of the Fermi level. But if the surface adsorbed layer alters as 
well as the position of the Fermi level, there is one factor affecting 
conductivity while two factors are affecting emission, so that 
there is not necessarily proportionality between them. 

This fact will not, of course, alter any of the author’s con- 
clusions in the earlier part of the paper. However, it does affect 
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the argument in Section 10.4, where he discusses the magnitude 
of the barium loss, comparing platinum with pure nickel. For 
example, at some stage the emission may be falling during life, 
entirely owing to a change in the surface covering of barium, 
and not affecting the bulk concentration at all. 

Under such circumstances a change in the surface concen- 
tration, linear with time, might produce a change in the work 
function, also linear with time, and hence a change in the 
emission, which would then be exponential with time. There 
could be quite a large change in emission with only a small 
change in the overall barium concentration. If this occurred, 
it would invalidate some of the remarks in Section 10.4. 

The fact that the life curves are exponential, as shown in Fig. 5, 
does not, of course, prove my point. Other mechanisms might 
produce an exponential curve. However, it is clear that the 
possibility I have outlined should not be ignored. 

Finally, I do not know why the author uses the expression 
‘“‘abnormally high emission level” in Section 13.6. The emission 
from the active nickel is not any higher at its best than the 
emission from platinum or pure nickel, according to his own 
figures. The highest emission which he quotes—and which 
incidentally agrees very well with the emission that we observe 
from well-activated coatings under good vacuum conditions—is 
typical of a coating whose surface is covered with barium, and 
in which the internal concentration of barium is the optimum 
at the temperature in question, in vacuum. I do not think that, 
in any sense, this emission can be described as abnormally high. 

Mr. F. G. Haegele: The paper raises the fundamental idea 
that platinum simplifies the situation by avoiding either an 
oxidizing or a reducing interface, and it appears rather unfor- 
tunate in this particular case that we have found a new property 
for cores—that of core absorption and core dispensation. Can 
some of the difference which we have ascribed to this simple 
profit-and-loss account be ascribed to this new property rather 
than to the elimination of one of the old properties? 

In Fig. 19 the two curves for passive and active nickel show 
manifestly the same peaks, and we can reasonably assume that 
these peaks are typical of an impurity in the cathodes and that 
they shift back in time, i.e. to a smaller number of hours, as the 
impurity level gets smaller. The author has posed the simple 
experiment of boiling out some of the activator. In view of the 
ratio of the impurities in passive and active nickel, which is of 
the order of 1:50, can we regard this simple experiment as 
significant, bearing in mind that as we remove the magnesium 
we can expect that the peak will travel to the left of the curve 
and the slope on the right-hand side of the curve will gradually 
diminish? The resulting change will be so small that it is doubtful 
whether, unless we have removed a very large proportion of 
magnesium, we should see any difference. 

In examining these curves I feel that the left-hand side is the 
most noteworthy, and it would be interesting if the nickel manu- 
facturers would provide extremely pure material, to see whether 
this upward slope could be made to turn itself inside out and 
become the same as curve (a). 

T should also like to comment on the novel explanation of the 
difference between curve (a) and the curves for nickel. A small 
change in processing, which might diminish the quantity of 
barium, would provide us with more evidence. Has the author 
made this experiment? Alternatively, of course, there is the 
possibility of making a Richardson plot. 

In Section 12.3.2, does the spectrographic analysis for mag- 
nesium refer to a test taken on the surface of the cathode or on 
the bulk of the metal? In the latter case it would depend very 
much on the thickness of the cathode sleeve. Under item a), 
X-ray diffraction might prove the existence of the oxide form. 

It may, of course, be no more than a coincidence that the 


steep fall in Figs. 24 and 25 corresponds in time to the rise in ‘| 
emission in Fig. 19 for the sathe active nickel. The author has | 
stated that the results which are obtained here are quite slight | 
in character, and I look forward to rather more data to cover 
this interesting period between 0 and 1000 hours, which may 
provide the pointer to further and more close interpretation of | 
what I regard as the most interesting part of the zero-load | 
characteristic curve. 

Dr. R. O. Jenkins: The author is a little unjust to previous | 
workers in stating that the concept of electrolysis has never been | 
proved, and that the proof would be the evolution of free barium 
rather than oxygen. In 1932 Berdennikova in the Soviet Union 
actually carried out the experiment. I believe that he correlated | 
the total free barium evolved by a cathode during running with 
the emission (in coulombs) that had passed, through the coating. 
His method was to have the cathode and anode running in a valve 
connected to a pump. When the valve was evacuated and out- | 
gassed it was operated with anode current flowing. Finally, the 
free barium was estimated by letting in water vapour and the 
resultant free hydrogen, produced by reaction with the free 
barium, could then be measured after the water vapour had been | | 
frozen out. 

We repeated some of these results six or seven years ago and 
extended them, because originally only the total amount of 
barium produced was examined. Some of it was left in the 
matrix of the cathode and some was, of course, evaporated over 
the anode and possibly also on to the glass. 

We wanted particularly to find separately the amount retained | | 
in the matrix and also the amount which evaporated. If we 
wanted to measure the amount on the anode it was dropped off 
into a side tube and the valve was removed from the pump, and 
similarly for the cathode. That also enabled us, although we 
were working on a pump system, to have a getter in the valve 
and approximate to normal valve conditions. The vacua were 
not, however, quite as good as in a commercial valve and 
definitely not as good as in the author’s carefully processed valves. 

One interesting point emerged when we re-examined the results. 
We had tested spectroscopically pure nickel and platinum 
cathodes. They were given identical treatment during the activa- 
tion and the same emission (in coulombs) during ageing for 
about an hour before estimating the barium evaporation. The 
evaporation from the pure’ nickel corresponded to just over a 
microgramme of pure barium, whereas from platinum it was - 
only about 0-6yug. Neither of these cathodes could have pro- 
duced any free barium owing to chemical means. Therefore it 
must have been produced by electrolysis, and one would have 
expected the same quantity to be produced. It appears that the 
odd 0-4g had gone into the platinum, and this to some extent 
confirms the author’s results. 

It would be interesting to take some of the cathodes which the 
author had been using and strip off the coating. Instead of 
measuring emission with time and determining the Q-value, 
which is an integral of time emission, could not a tungsten 
filament be mounted adjacent to the platinum and the amount 
of barium being emitted be measured by the time taken to deposit 
a monomolecular layer on to the tungsten? 

A fairly close estimate could then be made of the total barium 
in the platinum. According to our measurements it would, 
after initial activation, be rather less. than a microgramme. 
Assuming the figures given for the Q-value held, it would appear 
that about twenty times that amount might come from a valve 
that had been running for a long period with space current. 

Monsieur A. Bonan (France): The author states that for good 
valve life we have to consider emission and interface resistance. 
He seems to connect the two phenomena with the absence of 
silicon, which is why he tried to use platinum. 
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In Reference 3 the author refers to the use, in receiving-valve 
manufacture, of a nickel containing about 0:05°% magnesium 
and 0-08°% silicon. During the processing the silicon reacts 
with the oxide matrix to form an interface layer of barium 
orthosilicate. At the beginning of the life we do not see any- 
thing, because this layer is activated by an excess of free barium 
atoms. The progressive deactivation of this layer owing the 
destruction in situ of the free barium by an invading oxidizing 
gas leads to the rise of interface resistance. 

In the present paper the author states that, if active nickel 
containing silicon and magnesium is used, we have, at the start, 
reasonable emission. If a small amount of oxygen is present 
the emission will fall. Ifwe remove the gas the reducing agents 
come into play, and we have recovery of emission, because .of 
the recovery of free barium atoms. But if free barium atoms 
appear in the layer they should also activate the orthosilicate 
and remove the interface resistance. However, if we make the 
test, we find, after a time, that interface resistance occurs. 


x THE AUTHOR’S REPLY TO 


Dr. G. H. Metson (in reply): I thank the speakers for their com- 
ments, which have been stimulating and thoughtful. Dr. Wright’s 
views on the emission levels from pure and active nickels are, to my 
mind, identical with my own. Under good laboratory conditions 
the levels are about equal; under poor processing conditions the 
active nickel is always in better shape to weather the gas storm. 
I have sympathy with Dr. Wright’s doubts on the explanation 
given to account for the rising emission characteristic in Fig. 19. 
The idea of a “greater than optimum” barium concentration in 
early life is perhaps unconventional, but it is at least a rational 
hypothesis and I note that Dr. Wright offers nothing to supplant 
it. The paper makes considerable use of the supposed pro- 
portionality of surface emission and matrix conductivity, in that 
it assumes that total emission is a measure of excess barium 
content of the matrix. I agree entirely with Dr. Wright that 
this proportionality can be drastically disturbed by surface gas 
attack, but much care was taken in the work to see that the 
cathode was in concentration equilibrium at any time of emission 
measurement. Much of the work was carried out with the 
cathode under zero load in a sensibly gas-free atmosphere, and 
it is difficult to imagine a concentration disequilibrium occurring 
under such a condition. 

Mr. Haegele raises the point that platinum-core absorption 
and dispensation might complicate oxide cathodes rather than 
simplify them. I disagree with this contention, since in the 
equilibrium (or long-term) state the two actions are self-balancing 


Emission does not seem to bear a direct relation to interface 
resistance. We have had valves out of action owing to high 
interface resistance, which had higher emission than at the 
beginning of their life, before interface resistance was present. 

If the emission of a tube is relatively steady, the same cannot 
be said of the interface resistance. 

We found valves, out of action, which had an interface resis- 
tance of about 100 ohms, and we thought that it might be possible 
to compare them from time to time with other valves of the same 
kind. We put them on one side, and after three months we 
tested them again. The emission had not changed, but we found 
no interface resistance. It seems that Bounds and Briggs* also 
found such phenomena. 

According to the author’s reasoning, in the first case interface 
resistance should not appear, but it appears. In the second case 
it should remain constant, but it disappears. Moreover, in the 
two cases, the emission seems to be unconnected with interface 
resistance. 


THE ABOVE DISCUSSION 


and can be ignored. I am strongly of the opinion that our 
ultimate understanding of the oxide cathode will come from 
platinum-core studies, where the cathode can be examined in an 
isolation uncomplicated by inessential chemical side issues. 
The spectrographic studies of Section 12.3.2 for magnesium were 
conducted on the bulk material. 

The points made by Dr. Jenkins on the subject of electrolysis 
are pertinent, but I am surprised that he failed to raise the 
question of disposal of the electrolytic oxygen or the influence of 
electrolysis on cathode life. We are a little at variance in regard 
to our definition of “proof,” but I think that this is merely a 
question of attitude based on relative circumstance. In industry 
the active nickel core makes the existence of the electrolytic 
mechanism a matter of academic importance only, but the user 
of a platinum-core valve is wholly dependent on the phenomenon. 
With the bulk of British submarine repeaters working with 
platinum-core pentodes it is perhaps natural that at the Post 
Office we should remain excessively critical of the phenomenon. 

I agree with almost all that Monsieur Bonan has said. The 
essentials of long mutual-conductance life are the maintenance 
of adequate emission and the absence of interface growth. The 
latter can now be avoided, and I think there is little profit in 
studying it further. Future effort should concentrate on the 
basic problems of maintenance of emission. 


* Le Vide, May, 1954, p. 5. 
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SUMMARY 

Sintered alumina used for the insulation of valve cathode heaters is 
preferentially liable to sudden failure in service when the heaters are 
at a positive potential with respect to the cathode. The phenomenon 
has been studied in conventional valves run in varying conditions and 
also, in more detail, on simple two-electrode systems using recrystallized 
alumina as the insulant. 

The sudden failure is shown to be the last of three stages, (a) a time- 
consuming degradation of the insulant with rate exponentially related 
to operating temperature, (b) a period of intermittent sparking and 
arcing, and (c) a local weld between heater and cathode which appears 
as a more or less permanent circuit fault. 

The initial stage is accompanied by a transfer of tungsten from the 
heater across the alumina, and it is this process which is strongly 
enhanced when the heater is the positive electrode. Production of 
positive tungsten ions under electron bombardment from the cathode 
is postulated, and it is shown that tungsten transfer and also insulation 
failure are greatly retarded when the alumina contains a pore-free layer. 
This may be achieved in the laboratory by surface fusion or by the use 
of monocrystalline sapphire, 

Reasons for the apparent absence of widespread heater-cathode 
insulation failures are suggested. 


() INTRODUCTION 
(1.1) General Nature of the Insulation Breakdown 

Cathode heaters normally consist of a fine tungsten wire 
formed in some suitable shape and covered with a thin layer of 
sintered alumina which insulates the heater from the interior of 
the nickel cathode core. For reasons of circuit design the heater 
and cathode core may be operated at different potentials, and a 
failure of insulation under this condition may give rise to circuit 
derangement. 

Experience over the past few years seems to indicate that the 
probability of breakdown is related to the direction of the applied 
potential, and the dangerous direction is that of heater positive 
to cathode. When breakdown occurs it appears to be quite 
sudden, with a fall of insulation from a thousand megohms to a 
fraction of a megohm occurring in a time of less than a minute. 

The paper describes the breakdown occurring in a range of 
common receiving valves, and records some preliminary experi- 
mental observations on the course and nature of the phenomenon. 


(1.2) Scope of the Investigation 


The investigation has been divided into two parts—a pheno- 
menological inquiry into the breakdown of common receiving 
valves, and an experimental approach to the nature of the pheno- 
menon through a simplified heater-cathode system. 


(2) BATCH TESTS OF COMMON RECEIVING VALVES 
(2.1) Testing Technique 


The valve type selected for examination was a high-slope 
indirectly-heated pentode with a 2-watt cathode system. - This 


_ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
The authors are at the Post Office Research Station. 


particular type was adopted as it is in common use, it is made | 
in the United Kingdom by all of the large valve manufacturers _ 


and it can be readily assembled in the laboratories at the Post 
Office Research Station. Test batches of a common type were 


therefore available from a wide range of manufacturing sources, — 


and it was furthermore possible to vary the heater-insulant 
system over an experimental range in the batches assembled at 
the Research Station. 3 

The general method of batch testing was to mount the test 
group on a substantial rack immune from mechanical shock and 
to run the group at some selected voltage with the heaters main- 
tained at a positive potential of 36 volts over the cathode cores 
(this particular potential was selected as of interest to the Post 
Office in the operation of submarine repeaters). Breakdown of 
heater-cathode insulation was detected and recorded by automatic 


repetition searching over the valve bank, each position being 


tested at intervals not exceeding thirty minutes. 


(2.2) Treatment of Data 


(2.2.1) Distribution of Lifetimes within a Batch. 


A study of the time to first failure of valves, within a batch 
tested in particular conditions, showed them to fall reasonably 
well into an exponential distribution with, consequently, a 
probability of failure constant with time. Results for one 
batch of 44 valves, shown graphically in Fig. f, illustrate the 
extent of agreement between actual and theoretical distribution 
of survival for such an exponential distribution. 


For an infinite population, the time-constant of the exponential 


may be determined at any stage as the sum of the lives of the 
failures and of the testing times of the survivors, divided by the 
number of failures. 
life of valves in a sample batch at any stage gives the time- 
constant for the population life-distribution curve within con- 
fidence limits which may be derived from the number of failures 
and the Poisson probability distribution. 


(2.2.2) Batch Average Life. 


The time-constant of the assumed exponential distribution 
curve, calculable within known confidence limits, may be taken 
as a measure of batch average life without the necessity for testing 
to failure the entire batch. 

Calculated for 95°%.confidence limits, it has been used as the 
criterion for assessing batches of valves run in different conditions. 


(2.3) Influence of Various Factors on Batch Average Life 


(2.3.1) Heater Temperature. 


Batches of valves were tested with different heater voltages. 
Heater temperatures were estimated from characteristics of heater 
current and voltage, using Shardlow’s curves of resistance and 
temperature. The plot shown in Fig. 2 indicates a reasonably 
linear relationship between the logarithm of batch average life 
and the reciprocal of heater temperature. 
tion that the nature of the breakdown had been altered at the 
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Fig. 1.—Distribution of survival within a batch of valves. 


Curve showing actual survivors. 
---- Theoretical curve. 


higher temperatures, and many subsequent tests were accelerated 
by running the heaters with a 10-volt supply, giving a heater 
temperature of near 1 700° K. 


(2.3.2) Magnitude and Direction of Applied Direct Potential. 

All systematic testing has been carried out at the constant 
potential difference of 36 volts, but isolated tests at other 
potentials have left the impression that an increase in applied 
potential tends to shorten the average life. 


Table 1 


Batch average life 
(95% confidence 
limits) 


No. of failures Average life 


hours 
38-68 
3 450-13 210 


, hours 
Heater positive 50 


Heater negative 6340 


Evidence of a directional effect is given in Table 1 relating to 
two batches of valves tested at 1700°K with a breakdown 
potential of 36 volts. 


(2.3.3) The Cathode Core and the Heater Metal. 
No evidence was obtained to show that life was affected by the 
use of platinum, nickel or molybdenum as the cathode core metal. 
Also, no evidence was obtained to show that life was affected by 
the use of several varieties of silicated tungsten and molybdenum- 
‘ungsten as heater material. 
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Fig. 2.—Batch average life as a function of temperature. 
I 95% confidence limits for average life. 


(2.3.4) Heater Coating. 

Various commercial brands of alumina powder from English, 
American and German sources were made into spraying pastes 
and electrophoretic coating suspensions. Pastes used in the 
commercial coating of heaters were also tested. Heaters coated 
with these were sintered at different temperatures and mounted 
in valves. No marked variation in batch life was found, but 
there was an indication that some powders give slightly longer 
life when sintered in the range 1 650°-1 700°C in preference to 
temperatures above 1 700°C. 


(2.3.5) Heater Construction. 

One batch of valves had an unusually long life when tested 
with occasional inspection, but when the survivors were opened 
and examined, it was found that breakdown had occurred 
undetected. These heaters were of the “faggot” type, all others 
being folded spirals, and the apparent improvement in life was 
attributed to the facility of free movement of this type of heater. 
A repetition of the tests, under continuous inspection, gave a 
much shorter life. 


(2.4) Breakdown Sites 


(2.4.1) Visual Appearance. 

After breakdown, heater coatings showed small stained patches 
the appearance of which suggested that they may have been due 
to arcing between heater and cathode. There was often a 
central dark spot with a metallic glint which lay at the bottom of 
a minute crater, and the inner surface of the cathode sleeve was 
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roughened and stained in patches corresponding to the positions 
of the stains in the alumina. No connection could be established 
between visible physical imperfections in the original coating and 
the position of the stains, which were taken to be the break- 
down sites. Fig. 3 shows part of a conventional heater after 
breakdown. 


Fig. 3.—Conventional heater showing breakdown sites. 


(2.4.2) Stages of Growth. 
A survey of many scores of stains suggested that they had 
developed in a consistent sequence as follows: 


Stage (a).—A small grey patch of indefinite shape. 

Stage (6).—Enlargement and assumption of a well-defined, 
roughly circular shape of even grey. 

Stage (c).—An intense stain at a central spot surrounded by an 
area of pale grey, bounded by a thin line of darker grey. 


In a batch of valves run for constant time, the numbers of 
stage (c) stains on the heaters were roughly in the inverse ratio 
of the recorded times to first breakdown. 


(2.4.3) Chemical Tests. 

Chemical examination of material removed from stained 
portions of the heater showed tungsten present in all stains 
tested, and cathode core metal insome. There was always some 
staining material which could not be identified, being embedded 
in fused alumina grains, and this could have been heater or 
cathode metal or a compound of aluminium. 


(2.5) Summary and Comments on Batch Tests 


The results indicate that there is, in all the conventional 
heater-cathode assemblies tested, the liability of sudden break- 
down of insulation. There is a marked directional effect, the 
liability being great when the heater is at positive potential with 
respect to cathode. This liability is an exponential function of 
operating temperature. The distribution of lives of valves within 
a batch approximates to an exponential distribution, which gives 
a constant probability of failure with time. ret 

The nature of these batch test results can be correlated with 
the appearance and frequency of the breakdown sites if it is 
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assumed that an initial time-consuming process leads to degrada-1 
tion of the insulant with cOnsequent production of transient | 
sparks or arcs which would not normally be detected by the) 
intermittent testing mechanism. Movement of the heater would | 
often prevent this appearing as a permanent fault, but the worst — 
stains are seen when local adhesion has occurred. Such an 


‘event would cause the fault to remain until severe movement, 


e.g. the mechanical vibration of the whole valve, disturbed the | 
contact. It was, in fact, found useless either to remove the 
valve or to reduce the temperature of the heater in attempts to 
measure the cold resistance of the path, since the local short- 
circuit generally disappeared. 


(3) TESTS ON SIMPLIFIED SYSTEMS 
| 
(3.1) Technique 


(3.1.1) Description of Assembly. 


Commercial recrystallized alumina tubes, of bore 0-75mm 
and wall thickness 0-43mm, were cut to length so as to take a 
conventional 2-watt tungsten spiral heater, straight and uncoated. , 
Around the exterior of the tube was wound in close contact a 
spiral of tungsten or platinum wire to serve as a second electrode. © 
This assembly was mounted on a standard valve pinch, sealed in 
and pumped to high vacuum. Fig. 4 shows a typical assembly. 


Fig. 4.—Simple assembly using recrystallized alumina tube. 


(3.1.2) Method of Test. 

Heater temperatures were adjusted by varying the voltage 
and were in general much higher than in the tests on normal 
valves—usually about 2300°K. The surface temperature of the 
alumina tube was approximately 1700°K measured by an 
optical pyrometer. The applied potential was 500 volts from a 
d.c. source, equivalent to a voltage gradient across the alumina 
of 10kV/cm as compared with 5kV/cm in the tests on normal 


| valves. Leakage currents were measured by a suitable meter 
protected by a 0-5-megohm series resistor. 


(3.2) Test Results 


| (3.2.1) Leakage-Current Characteristics. 
| The variation of current with time was studied, and a typical 
_ graph is shown in Fig. 5. An initial small rise was followed by a 
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Fig. 5.—Current/time characteristic under breakdown-inducing 
conditions. P 


period of about 10 hours in which the current was stable. The 
current then rose rapidly, with. violent fluctuation, to the value 
set by the limiting resistor, and this level was maintained for an 
ill-defined period terminated by heater burn-out. The curve of 
Fig. 5 has been smoothed to show the general trend in the rapidly 
rising period. During the initial stable period, it was possible 
to study the current/voltage relationship, and Fig. 6 shows this 
characteristic. 


(3.2.2) Discharge Noise. 

When a pair of high-impedance headphones was inserted in 
the d.c. circuit, it was noted that there was noise in the form of 
“clicks’’ superimposed on steady “‘frying.” If the current was 
increased during the stable period by an increase in applied 

voltage, there was a rise in general noise level. During the 
unstable period, the rising current again produced a rise in back- 
ground noise level and also resulted in increased frequency and 
loudness of ‘“‘clicks.”’ 


(3.2.3) Breakdown Stains. 
During breakdown, stains appeared on the outer surface of the 
alumina and developed roughly according to the scheme postu- 
lated in Section 2.4.2. These gradually grew together, producing 
a broad spiral band along the line of the external cathode wire. 
_ After breakdown, the alumina tube was sectioned and ground on 
Carborundum. Inspection of the stain shapes at different stages 
of grinding suggested that the stains had grown radially through 
the alumina from external cathode to internal anode (i.e. heater). 
Fig. 7 shows a typical stained tube and the same in cross-section. 


(3.2.4) Effect of Reversed Potential. 

Two tubes, both carrying tungsten heaters and tungsten spiral 
outer electrodes were run at the same temperature and applied 
potential. In the system where the inner, hot wire was positive, 
catastrophic breakdown occurred in about 10 hours. Where the 

outer, cooler wire was made positive no breakdown occurred in 
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Fig. 6.—Current/voltage characteristic before breakdown. 
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Fig. 7.—Tube and cross-section showing breakdown stains. 


100 hours, and though there was some general discoloration of 
the alumina in the tube, there were no typical breakdown stains. 


(3.2.5) Effect of Lowered Cathode Temperature. 

Some assemblies were made in which the spiral cathode in 
close contact with the alumina was replaced by a hemicylinder of 
platinum foil separated from the alumina by a gap of about 1 mm. 
These were run with heater temperatures of 2350°K. 
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surface temperature of the alumina was approximately 1800°K, 
but the temperature of the foil probably did not exceed 600° K. 
The potential was 500 volts, with heaters positive. After 300 
hours there was no detectable leakage current and no stain 
formation. 


(3.2.6) Tungsten Transfer Phenomena. 


Fairly dense films of tungsten had often been found on the 
inner alumina surface of tubes and of normal heater coatings. 
In the tests described in Section 3.2.5 the bores were unusually 
clean, being practically free of tungsten despite the high tem- 
perature. A new test was made in which pairs of tungsten 
heaters were run at the same temperatures in the bores of small 
twin-bore alumina tubes with 500 volts applied potential between 
the heaters. One set was operated at 1600°K and the other at 
2300°K. In each case the bore surrounding the positive heater 
was contaminated with considerably more tungsten than was 
present in the bore of the negative side. It is also of interest 
that the ‘“‘bores” in the sapphire plate assemblies described in 
Section 3.3 were nearly free from tungsten film after 1 500 hours 
at 2000°K. In those tests the cathode was hot, about 1 400° K, 
but passage of current was prevented by the nature of the insulant. 
These results suggest that bombardment of a heater by electrons 
from the cathode is probably a potent factor yielding enhanced 
tungsten transfer. 


(3.2.7) Effect of Fusing the Alumina. 


Some tubes were heated in an oxyacetylene flame until the 
outer surface was glazed, presumably giving a pore-free layer. 
One of these and an unglazed tube were tested under the usual 
conditions. The untreated tube suffered catastrophic breakdown 
in 8 hours, whereas the glazed tube maintained a steady insula- 
tion resistance of 5 megohms for over 300 hours. The stains in 
the unglazed tube were manifold and had in some places com- 


Fig. 8.—Surface-glazed tube showing slight staining. 


The glazed tube showed only a 
Fig. 8 shows this tube and 


pletely penetrated the alumina. 
few stains of negligible penetration. 
it may be compared with Fig. 7. 


(3.2.8) Chemical Aspects. 

Tungsten emanating from the heater could always be detected 
in the stained portions of the tube, and in some instances it was 
also detected on a platinum outer electrode. When a platinum 
cathode was used, this metal also could be detected in the more 
intense stains. As with the ordinary heater coatings, there was 
present staining material within alumina grains which could not 
be identified. ; 


(3.3) Use of Synthetic Sapphire 


(3.3.1) Description of Assembly. 


As an extension.of the tests with glazed tubes, tests were made 
using monocrystalline alumina. Small plates of synthetic 
sapphire were grooved so that, when mounted in pairs, there was 
room for a conventional two-leg heater to lie in the grooves. 
The plates were bound tightly together with a spiral of platinum 
wire which served as cathode. The minimum wall thickness was 
0:25mm. The assemblies were run with the heater positive. 
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(3.3.2) Test Results with Sapphire Plates. 

At first, the specimens were’operated at heater temperature of 
1900°K and 500 volts from a d.c. supply. For 600 hours the 
insulation resistance remained greater than 10000 megohms. 
The potential was then raised to 1000 volts, equivalent to a 
maximum gradient in the alumina of 40kV/cm, and the 
heater temperature was raised to 2000°K. This was maintained 
for a further 1500 hours during which no staining could be 
observed, and the insulation resistance remained greater than 
5000 megohms. The temperature was raised to 2350°K, and 
after another 500 hours the heaters burnt out without any increase 
in leakage current. 


(3.4) Comments on Tests with Simple Systems 


These tests have given an insight into the nature of the processes 
occurring during the induction period. The chemical evidence 
suggests that transfer of tungsten into and across the alumina may 
be the rate-determining process during the induction period when 
gradual degradation of the insulant is thought to occur. The 
results with cool cathodes indicate that tungsten transfer itself 
is dependent on electron flow. The results with partly fused and. 
monocrystalline alumina show that porosity is a necessary link 
between electron emission from the cathode and tungsten transfer 
into and across the alumina. They also show that ordinary 
electrolytic processes cannot play a major part in catastrophic 
breakdown. 


(4) DISCUSSION OF RESULTS 
The main results of these experiments may be summarized as 
follows: 


(a) The breakdown, recognized in a working valve as a sudden 
failure of heater insulation, is the last stage in a process, the rate 
of which is an exponential function of temperature (Section 2.5). 

(6) One feature of this process is the transfer of tungsten from 
the heater into and across the alumina (Section 3.2.8). 

(c) Tungsten transfer is strongly dependent on the passage of 
current between cathode and heater (Section 3.2.6). 

(d) The directional effect of applied potential observed in 
working valves is also observed in systems where both electrodes 
are of tungsten (Section 3.2.4). 

(e) The leakage current and the transfer of tungsten are sup- 
pressed by the presence of a layer of non-porous alumina 
(Section 3.3.2). 

An explanation of these facts can be given by assuming that 
positive tungsten ions are produced at the heater under electron 
bombardment. (These would move towards the cathode, and 
there is evidence that some tungsten actually reaches the cathode 
surface.) The rate of tungsten transfer is then dependent on 
rate of positive-ion production, and the latter depends on current 
magnitude and on the temperature of the positive electrode. 

It is likely that some dissociation of the alumina itself, under 
electron bombardment, occurs simultaneously, and in this event 
oxygen ions will migrate towards the (anodic) heater and transfer 
of tungsten by migration as oxide is likely. The evidence does 
not permit a clear assessment of the importance of this stage. — 

The presence of tungsten in the alumina and of positive ions 
in the region of the cathode surface would both tend to an 
increase in local field-strength at certain points. Such an effect 
would be self-accelerating and would terminate in a breakdown 
arc, as is found to occur. 

The breakdown can be avoided if the initial process, i.e. the 
bombardment of the heater with electrons, is prevented by inter- 
position of a pore-free layer of alumina. 

The mechanism outlined is undoubtedly simplified, but it 
probably includes the major factors responsible for heater 
insulation breakdown. 


HEATER-CATHODE INSULATION IN OXIDE-CATHODE RECEIVING VALVES 


Having regard to the large number of series-operated a.c./d.c. 
receivers used on d.c. mains in this country with satisfactory 
results, it is curious that insulation breakdowns have not been 

more widely observed. In considering this point, the authors 


|think it possible that the lack of widespread experience may be. 


due to one or more of the following reasons. 
(a) Electrical and mechanical life of the valve itself may in 
“some cases be less than the insulation life of the heater. . 

(6) The breakdown “‘site”’ is unstable mechanically, and a low 
level of mechanical shock is usually sufficient to clear a fault. 
Examples have been found of valves with normal insulation but 
which have shown numerous breakdown sites when opened for 
examination. It is thought that such valves have suffered many 
heater insulation failures which have cleared themselves. by 
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mechanical shock derived, e.g., from normal handling or the 
thermal shock of heater voltage switching. 

(c) A number of cases have been noted in which actual mech- 
anical fracture of the tungsten heater wire has coincided physically 
with an insulation breakdown site. It seems reasonable to 
assume, therefore, that a proportion of heater open-circuit failures 
is due initially to the insulation breakdown phenomenon. 
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DISCUSSION ON 


“NOISE GENERATION IN CRYSTALS AND CERAMIC FORMS OF BARIUM 
TITANATE WHEN SUBJECTED TO ELECTRIC STRESS’’* 


Dr. R. Street (communicated): It has been shown by the author 
that the noise developed in ferro-electric crystals and ceramics 
can be ascribed to the occurrence of discontinuous changes in 
polarization, and the analogy to the Barkhausen effect in ferro- 
magnetics has been pointed out. Attention has also been drawn 
to the time effects associated with noise generation by ferro- 
electrics. The similarity of the ferro-electric and magnetic cases 
may be even more striking than is claimed. 

_ For ferromagnetic materials the change of the intensity of 
magnetization, consequent upon a stepwise change in the applied 
field, is time dependent.+ The phenomenon has been termed 
magnetic viscosity or after-effect. It is generally accepted that 
the observed time dependence is due to the influence of thermal 
agitation on the domain processes. For example, under certain 
circumstances, thermal agitation may provide sufficient energy 
to activate the movement of a domain boundary from positions 
of metastable to stable equilibrium. The process is thus one of 
thermal activation of Barkhausen discontinuities. By making 
plausible assumptions it is possible to show that the time- 
dependent component of the intensity of magnetization should 
theoretically be of the form J(t) = Slog t.{ The origin of time, 
t, is the instant at which the stepwise change in field is made. 
In simple cases, S is directly proportional to the absolute 
temperature and depends inter alia on the material of the 
specimen and on the point of measurement on the magnetization 
curve. The predicted form of I(t) as a function of time has 
been observed experimentally for a number of materials, and, in 
particular, measurements of the quantity S have been made at 
different points on the magnetization curve. The maximum 
value of S for a given material occurs at, or near, the coercive 
force point of the magnetization curve. Thus the magnetic 
behaviour is similar to the ferro-electric behaviour illustrated in 
Fig. 11. Measurements on the temperature dependence of S, 
using specimens of Alnico and similar materials, demonstrated 
the linear relation predicted by theory. There are obvious 
difficulties in extending this to the ferro-electric case owing 
to the restriction of the available temperature range by the 

* KIBBLEWHITE, A. C.: Paper No. 1752 M, January, 1955 (see 102 B, p. 59). 

+ Ewina, J. A.: Proceedings of the Royal Society, A, 1889, 46, p. 229. 

Street, R., and Woo Ley, J. C.: Proceedings of the Physical Society, 1949, 62A, 


p. 562. 
t Srreer, R., and Woo..ey, J. C.: ibid., 1952, 65B, p. 679. 


transition points and also by the increase in electric conductivity 
at the higher temperatures. 

The majority of measurements on magnetic viscosity have 
been made by direct magnetometric measurement of the intensity 
of magnetization of the specimen. The slow response of the 
magnetometer makes it impossible to observe individual Bark- 
hausen discontinuities while magnetic viscosity is proceeding. 
In the present connection it is interesting to note that the direct 
analogue of the ferro-electric method described by the author 
has been adopted in the investigation of magnetic viscosity of 
very-high-coercivity alloys.t In this form of apparatus the time 
differential of the intensity of magnetization is measured in 
terms of the e.m.f. induced in a search coil wound on a specimen 
placed between the poles of an electromagnet. For the majority 
of materials examined the e.m.f.’s induced by single Barkhausen 
discontinuities are not sufficiently large to be resolved as 
individual pulses; the observed e.m.f., V, is a smoothly decreasing 
function varying as 1/t, 
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The failure to resolve the Barkhausen discontinuities is not 
surprising, since there is good evidence to show that for these 
specimens the volume of material involved in a Barkhausen 
discontinuity is about 10—!7cm3. However, with suitably heat- 


» treated Alcomax specimens it is possible to observe directly the 


impulsive Barkhausen e.m.f.’s superimposed on a 1/t curve. 
The observed. variation is essentially similar in form to that 
shown in Fig. 5. 

It would be very interesting to know whether any results are 
available which could be used to demonstrate quantitatively the 
existence, or otherwise, of ‘‘ferro-electric viscosity.” If the 
phenonemon does in fact exist there appears to be no major 
difficulty in applying the thermal activation theory, developed 
for magnetic viscosity, to the problem. This would be of value 
in that the results shown in Fig. 6 suggest that the processes 
involved may be of a particularly simple form. The movements 
of the domain walls are also directly visible as noted in Section 
5.5.1. As is the case for observations on magnetic viscosity, it 


+ Srreet, R., and Woo.tey, J. C.: (To be published). 
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may be that the investigation of ferro-electric viscosity could 
lead to information on small-scale domain phenomena. 

Dr. A. C. Kibblewhite (in reply): Unfortunately, few of the 
results obtained in the course of the noise investigation of the 
barium titanate group lend themselves conveniently to an 
examination along the lines desired. However, those which are 
available do appear to support Dr. Street’s suggestion that there 
may be a close analogy between the time effects in certain. ferro- 
magnetic and ferro-electric materials. 

In the ferro-electric ceramics examined the time effects referred 
to were most pronounced in the barium-lead-titanate com- 
pounds, and increased with the lead content, while in the pure 
barium-titanate specimens the effect was practically non-existent. 
In this respect the phenomenon seems to be similar to the ferro- 
magnetic case, where it is also noted that the changes in the 
magnetization with time are also greater in the high-coercivity 
materials. Considerable time effects were also discovered in the 
single crystals used in the measurements. 

The period of time over which significant changes in the 
polarization occurred also proved to be longer in the high 
coercivity specimens, although only in the 96 : 4 barium—lead— 
titanate ceramic did measurable increments continue for lengths 
of time comparable to;those found in Dr. Street’s experi- 
ments. 

The increase of the polarization with time, subsequent to the 
application of a d.c. field to a ferro-electric, is most readily 
studied in two ways: (a) by recording the decay with time of 
the Barkhausen noise produced by the field, or (6) measuring 
the variation of the incremental permittivity. A limited number 
of results from these two methods were available and the examina- 
tion of these is described below. 

_ Ideally, to examine the increase of the polarization with time 
from a study of the Barkhausen effect, the noise voltage should 
be integrated continuously over the period of measurement. In 
the present work the r.m.s. noise level was recorded as a function 
of time. To assimilate the above as closely as possible the level 
was averaged over equal intervals of time, and these values, taken 
as being proportional to the increase in the polarization, were 
plotted against log f. 

It was found that for values of ¢ greater than about 1-Ssec 
the relationship was indeed linear for the time over which the 
record was taken—20-30sec. By the more sensitive method of 
counting the number of Barkhausen pulses produced by the 
applied stress, the time effects could be studied over longer 
periods. The analysis of such a record for the 98 : 2 barium— 
lead-titanate showed an essentially linear relationship between 
pulse number (i.e. AP) and log t, over a period of 3min, but 
then fell away significantly. 

A similar examination of the incremental capacitance-time 
results revealed the same behaviour. With the single crystal and 
the 98 : 2 barium-—lead-titanate specimen the time. of measure- 
ment was some 60sec, and in each case the decrease of this 
quantity (which is proportional to the increase in polarization), 
plotted against log t, showed a linear relationship. The 
same linearity was observed in the case of the 96 : 4 barium-— 
lead specimen, and in this instance held over the 240sec of 
measurement. 

It should be pointed out that in all these cases the applied 
‘stress was increased from zero and was almost invariably greater 
than the coercive field of the specimen. No results are therefore 
available on the time effects at various points on the hysteresis 
cycle. 

Likewise no results are available which might afford quantita- 
tive information on the effect of temperature on the phenomerion. 
In this connection, however, the reference made below to work 
by Merz seems pertinent. 
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The fact that the polarization established by an applied field! 
depended on its time of application raised the question whether ' 
there would be any decrease in the maximum polarization! 
produced by a.c. fields of increasing frequency. An investigation 
of this was carried out on the crystal used in the noise investiga- 
tions. The strength of the applied field was kept constant and 
its frequency increased from 50c/s to 20kc/s. The resulting 
hysteresis. loops were photographed and the values of the 
maximum polarization measured. When these were plotted . 
against the logarithm of the frequency a linear decrease in 
polarization was revealed up to about 15ke/s, when a sharper 
fall-off became apparent. Over a smaller frequency range a 
similar result was obtained from the measurement of the 
capacitance of the specimen on a high-voltage Schering bridge. 

It is possible to criticize these results on the basis that the 
effect may have been due to a temperature rise brought about 
by the large internal heating associated with the hysteresis losses. 
However, measurements of the actual rise in temperature of the 
specimen indicated that this was not sufficient to produce the 
effects associated with the upper transition point of the material. 
Moreover, forced. cooling did not influence the results signifi- 
cantly. It is felt that the effect was quite genuine. 

It is not suggested, however, that this behaviour is common 
to all crystals of BaTiO3, but will be determined to a large extent 
by the physical form of the crystal and any strains, etc., present 
in it. Similar effects unique to individual specimens have been 
reported in connection with relaxations in certain ferrites.A-8 

This “lag” is also referred to by Merz,© who has shown that ' 
the strain components of the basic lattice structure of BaTiO, 
should be proportional to the square of the spontaneous polariza- 
tion in the same way as is found in other ferro-electrics. 

However, this relationship is confirmed only from the Curie 
point down to about 90°C, while at lower temperatures the 
measured values of the spontaneous polarization are smaller 
than expected. It is found that this discrepancy decreases with 
increasing field strength and temperature annealing. Merz 
concludes that the difference is, at least in part, due to the 
existence of anti-parallel domains which persist long enough at 
50c/s at low temperatures to prevent the crystal from polarizing 
completely. The influence of temperature suggests that the 
effects depend to a large extent on the physical state of the 
specimen. 

It is tempting to conclude that this frequency dependence of 
the polarization and the long-time effects following the applica- 
tion of a direct voltage, are manifestations of the same pheno- 
menon, but the evidence is slight. 

Other time effects have been reported in the titanate group. 
In work on piezo-electric constants BradfieldP noted a creep 
under steady fields, which continued for several hours, and he 
suggested that some process with a relaxation time of several 
minutes was taking place. A comparison with the course of the 
incremental capacitance variation showed that this proceeded 
about six times faster. 

The whole problem of the time effects in BaTiO, is obviously 
fairly complicated, but what results are available suggest that 
some of the effects at least may be explained in terms of Dr. 
Street’s “‘ferro-electric viscosity.” 
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b SUMMARY 

_ The instrument is in the form of a differential air thermometer, and 
consists of two similar glass cells connected by a glass capillary tube. 
A carbon-coated strip is placed in each of the two cells; one of these 
strips absorbs the radio-frequency power to be measured and the 
other is heated by direct current. A liquid pellet in the capillary tube 
is. displaced as a result of the differential expansion of the air in the 
two cells arising from the heat dissipated in the carbon-coated strips. 
After balancing the system by adjustment of the d.c. cell the radio- 
frequency power is finally determined by the measurement of the d.c. 
power which must be substituted for the radio-frequency power in the 
same cell in order to maintain the state of balance. The instrument 
has been used to measure powers of 10 to 100mW at a wavelength of 
3cm with a discrimination of about 0:2mW. 


(1) INTRODUCTION 
Until recently, centimetre-wave powers of the order of milli- 
watts have been measured by some form of bolometer or 
thermistor in a bridge circuit. It is known that these instruments 
do not respond in the same manner to both direct-current and 
radio-frequency heating, particularly as the wavelength decreases 
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DC BALANCING POWER 


(2) DESCRIPTION 

The milliwattmeter, illustrated diagramatically in Fig. 1, 
consists essentially of a differential air thermometer operating 
in a manner first described by Fleming.4 Two similar glass cells 
are connected together by a piece of capillary tubing containing a 
liquid pellet which serves to indicate the differential expansion 
of the heated air in the two cells. Each cell contains a carbon- 
coated strip, one to absorb the radio-frequency power, the other 
being heated by direct current. The two cells and carbon strips 
are made as nearly identical as possible in order to compensate 
for ambient temperature fluctuations. The following procedure 
is adopted in making a measurement. The expansion of the air 
in the one cell, caused by the heat communicated from the carbon 
strip absorbing the radio-frequency power, is counterbalanced 
by the expansion of the air in the other cell produced by a corre- 
sponding d.c. power applied to its carbon strip. In this balancing 
process the liquid pellet is kept stationary, and there is thus no 
actual expansion in either cell but only an increase in pressure. 
During tests on the instrument the equality of the two cells was 
checked by applying d.c. heating, and under balance conditions 
the d.c. powers differed by only about 2 or 3%. In order to 
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D.C-EQUIVALENT OR CENTIMETRE -WAVE RADIATION 


Fig. 1.—Milliwattmeter. 


(a) Waveguide. 


(b) Liquid pellet in capillary tube. 


(c) Metal plate. 


through the centimetre band; and they are normally calibrated 
by reference to a water-calorimeter,!:* though Cullen? has now 
demonstrated the possibility of another standard which depends 
upon the torque exerted on a vane suspended in a waveguide 
through which the radio-frequency energy to be measured is 
passing. For accurate measurements, both the water-calorimeter 
‘and Cullen’s wattmeter require a power of 10 watts or more. 
This means that a known attenuator must be used to calibrate a 
thermistor at the milliwatt level in terms of such standards. 

A considerable number of precautions have to be taken in the 
calorimetric method of power measurement if the error is not to 
‘exceed 2°%, and some of these have been discussed in detail by 
Bailey, French and Lane.” It would clearly be desirable to have 
an instrument capable of direct measurement of powers in the 
range 10-100mW, thus avoiding calibration by comparison 
‘with a power a hundred times or more greater and the use 
of an attenuator, which may add a further element of un- 
certainty. It is believed that the instrument described in the 
paper will meet this need. 


Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 

The paper is an official communication from the Radio Research Station, Depart- 
ment oF Scientific and Industrial Research. 


(d) Carbon strip. 
(e) Glass cell. 


allow for the slight differences in the characteristics of the two 
cells the magnitude of the radio-frequency power is finally 
obtained by determining what d.c. power must be substituted 
for the radio-frequency power in the same cell to maintain the 
state of balance. 

The air cells are made of glass tubing with an outside diameter 
of 1cm and a wall thickness of 0-05cm, and they are tapered 


Fig. 2.—Glass cell and carbon strip in perspective. 


at one end as shown in Fig. 2; the overall length of each cell is 
5cm. The internal didmeter of the capillary tube connecting 
the cells is 0-5mm and its length is about 30cm. The absorbing 
elements are made of cardboard strip coated with carbon, and 
they are bent into the form of a V with the carbon on the inside. 
They are tapered as shown in Fig. 2 in such a manner that the 
heating in each case leads to similar temperature gradients along 
them. In addition, it is found that this taper, in conjunction 
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with an adjustable metal back-plate, gives a very good matched 
termination to the waveguide along which the radio-frequency 
power is flowing. The metal plate reflects the small fraction of 
power, which would otherwise be lost, back into the absorbing 
strip. Various liquids have been tried for the indicating pellet 
and a silicone oil of low viscosity has finally been selected as 
the most suitable. 

So far, the milliwattmeter has been used only at a wavelength 
of 3cm. It is mounted in a section of rectangular waveguide 
of the same dimensions as that along which the power to be 
measured is transmitted, and an aperture is cut in the upper face 
of the waveguide so that the movement of the indicating pellet 
may be observed. When the highest attainable sensitivity is 
required a low-power microscope is used. 


(3) PERFORMANCE 


Measurements have shown that the voltage standing-wave ratio 
achieved when the milliwattmeter is included in the waveguide 
system as described above is not worse than 0:9, so that no 
additional impedance transformation is required. 

If d.c. or radio-frequency. power is applied to one cell, the 
other remaining unheated, it is found that the deflection of the 
pellet varies linearly with input power over the range 10 to 
100mW and is at the rate of 1:8mm/mW. This indicates 
that the rise in the mean temperature of the air in the cell 
varies linearly with input power and implies that all the heat 
lost from the cell to the surroundings is also a linear function 
of the input power. It would thus appear that the rise in the 
mean temperature of air inside the cell would not be influenced 
by the nature of the temperature gradient along the absorbing 
strip. 

The following is a detailed description of the manner in which 
a measurement is carried out. Between the radio-frequency 
source and the milliwattmeter there is inserted a flap-attenuator 
by means of which the attenuation can be varied rapidly between 
zero and 30dB. The attenuator is operated in conjunction with 
a switch in the d.c. supply to the radio-frequency cell so that 
it is possible to effect a quick substitution of d.c. for radio-fre- 
quency power. The indicating pellet is brought to a balanced 
position with radio-frequency power in one cell and d.c. power 
in the other. Owing to the thermal inertia of the system the 
establishment of a balance under steady-state conditions takes 
several minutes, but the final adjustments, involving only small 
increments of power, may be made much more rapidly. The 
balance condition is repeated with d.c. power substituted for 
the radio-frequency power, and it is ascertained that the balance 
is not disturbed by switching between the two forms of heating. 
This procedure retains the advantage of steady-state conditions 
whilst minimizing the effect of fluctuation in the ambient tem- 
perature. The d.c. power equivalent to the radio-frequency 
power is then determined with the aid of a voltmeter and milli- 
ammeter, both of which must be accurately calibrated. 

Further evidence that the heat is dissipated in the absorbing 
element in a similar manner for both kinds of heating is found 
from the fact that when d.c. is substituted for radio-frequency 
power under balance conditions at various levels the initial 
balance in each case remains unaltered apart from small 
fluctuations that may arise from ambient temperature changes. 

From subsidiary measurements on the absorbing properties 
of the glass cell, it is estimated that about 1% of the radio- 
frequency power to be measured may be absorbed by the cell, 
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and although the heating so caused would contribute to the 
final increase in the temperature of the air inside the cell, there 


would be a small residual error in the determination of the 


power, since a similar effect is not present when the cell is 
heated by direct current. This error could be virtually eliminated 
if the cells were made of a suitable low-loss material. 


(4) COMPARISON WITH OTHER METHODS OF 
POWER MEASUREMENT 

With the aid of a directional coupler having a coupling factor 
of 15:50 + 0:05dB a power of about 40mW was measured by 
means of the milliwattmeter described, and the power at a level 
15dB lower was determined simultaneously by a thermistor 
bridge, which had previously been calibrated by reference to a 
water-calorimeter in the manner described by Bailey, French 
and Lane. The agreement between the two measurements, 
allowing for the coupling factor, was well within the limits of 
experimental error, estimated to be about 2%. 


(5) CONCLUSIONS 

It is considered that the milliwattmeter described in the paper 
is a convenient and reliable instrument suitable for the direct 
measurement of radio-frequency power in the range 10 to 
100mW at wavelengths of about 3cm. There seems to be 
no reason why the instrument should not be designed for 
both longer and shorter wavelengths in the centimetre and 
millimetre region. 

Further work at present in progress, in which metallic films 
on mica strips are used as the absorbing elements, indicates that 
it should: be possible to achieve greater sensitivity and so to 
measure powers much less than 10mW. 

The work described has been concerned mainly with the 
production of an accurate instrument suitable for use in the 
laboratory. It is possible, however, that an application might 
be found for a simpler construction in which no d.c. heating 
was necessary and in which the displacement of the pellet was 
calibrated directly in terms of radio-frequency power. 
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SUMMARY 


| The “batwing,’’ which forms the radiating element of the R.C.A. 
|Superturnstile aerial, can be used to take the place of wide-band dipoles 
in-certain other aerial designs. The paper describes briefly some 
examples for both horizontally and vertically polarized transmissions; 
unlike the Superturnstile they are suitable for masts of thickness com- 
parable with a wavelength. The immediate application is to television 
broadcasting in the United Kingdom in both Band I (41-68 Mc/s) 
and Band III (174-216M¢c/s). Another feature of new designs of 
transmitting aerial is the use of a split system having separately fed 
halves to avoid the need for a reserve aerial. 


(1) GENERAL CONSIDERATIONS 


It is becoming general practice for a number of broadcasting 
services to be radiated from the same site, by the use of a single 
high mast. For example, some masts at British Broadcasting 
Corporation stations may, in the near future, be carrying aerials 
for transmitting programmes in Bands I (41-68M¢c/s), II 
(88-95 Mc/s) and III (174-216 Mc/s). The aerial systems for 
frequencies in the different bands are preferably arranged one 
above the other rather than interlaced, in order to simplify both 
design and maintenance. Since each system will have more than 
one tier of elements to provide sufficient aerial gain, the mast 
must be of large section—except perhaps at the top—to give 
the required mechanical strength. It is then inevitable that some 
of the aerial systems will be mounted on a mast whose thickness 
is comparable with a wavelength. Thus, at many future B.B.C. 
stations a square-section mast of about 4ft side will be used. 

For thin masts, satisfactory aerial designs are well known; 
these include, for horizontally polarized transmission, the R.C.A. 
Superturnstile aerial! which uses radial elements, and for verti- 
cally polarized transmission the four-dipole system used at Sutton 
Coldfield? and other high-power British stations. In each case 
the four elements of one tier are fed in phase rotation. On 
square-section masts of side greater than about 0-15A these 
systems no longer give a horizontal radiation pattern that is 
sufficiently uniform for general broadcasting purposes. 

For thicker masts an arrangement consisting of a ring of 
in-phase dipoles (horizontal or vertical according to the polariza- 
tion required) can usually be found for which the horizontal 
radiation pattern is satisfactory, though the number of dipoles 
required may sometimes be inconveniently large. In many 
systems of this kind, pairs of dipoles may be replaced by a wide- 
band batwing element as illustrated in Fig. 1, without appreciably 
affecting the radiation pattern. This follows the line of develop- 
ment of the Superturnstile from the simple turnstile, whereby 
two tiers of the simple turnstile are replaced by a single tier of 
batwing elements; thus in the Superturnstile the batwings occupy 
two planes at right-angles and have a central support pole as 
seen in the plan view, Fig. 2(a). But for general application the 
batwing unit may also be used without a central pole, as illustrated 
in Fig. 1(d). 
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Fig. 1.—Two in-phase dipoles, (a), may be replaced by a batwing 
element, (6), having a closely similar radiation pattern. 
Approximate dimensions are in terms of mid-band wavelength, A. 
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Fig. 2.—Systems for horizontal polarization. 


Upper Figures are plan views. —> In-phase radiating currents. —> Radiating 


currents in phase quadrature. : 
Lower Figures are horizontal-radiation patterns from relative-field-strength measure- 
ments with models at 450 Mc/s. 


The advantages of using batwings instead of dipoles are as 
follows: 


(a) The bandwidth of the batwing unit is at least as good as 
that of a wide-band dipole which has a parallel stub to give 
optimum susceptance compensation. 

(6) The number of feed points of the complete aerial system 
is reduced. 

(c) Mechanical support is generally more convenient. 

(d) A wide choice of impedance (60 to 150 ohms) is available 
by suitable adjustment of dimensions. 


The descriptions given in the paper are of systems in which 
batwings may be used, and which may be mounted on thick 
masts. Besides systems for horizontal polarization in which 
batwings reduce the number of tiers required—as in the Super- 
turnstile—there are systéms for vertical polarization in which the 
number of elements per tier is halved by replacing dipoles by 
batwings. Although in the application to television broadcasting 
the advantages of batwings are sufficiently attractive to warrant 
incorporating them in the design, there may be other applications, 
perhaps not requiring a wide band, in which the dipole system 
from which they were derived might be preferred. 
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(2) HORIZONTALLY POLARIZED TRANSMISSION 


Fig. 2 shows a plan view of aerial systems for radiating hori- 
zontally polarized waves, together with their horizontal radiation 
patterns. The Superturnstile is shown in Fig. 2(a). The radia- 
tion pattern illustrated assumes a relatively thin supporting pole, 
and represents a +0-5dB variation, but it must be remembered 
that the variation increases rapidly with size of pole, reaching 
about +1-5dB for a pole of 0:2A diameter. 

Fig. 2(6) shows a variant of the radial-element system. Two 
batwings are mounted perpendicular to the faces of a square- 
section mast and fed in antiphase. The batwing on each face 
is one-half of that illustrated in Fig. 1(b), since the parent system 
consists of quarter-wave rods projecting from the mast—an 
adaptation of the V- or quadrant-aerial.4 If the mast-side 
dimension is about a quarter-wavelength the horizontal radiation 
pattern is nearly uniform, as illustrated. Some of the proposed 
low-power B.B.C. stations will radiate horizontally polarized 
waves in Band I, and a system based on the idealized arrangement 
of Fig. 2(b) will be used on a 4ft-square mast at most of these. 

The systems shown in Figs. 2(c) and 2(d) are tangential arrange- 
ments of batwings, i.e. the units [Fig. 1(b)] are mounted away 
from the mast and tangential to a cylinder centred on the mast 
axis. The system shown in Fig. 2(c) is also for a mast of about a 
quarter-wavelength side but is an arrangement deliberately 
chosen to give a directional pattern. This form of aerial was 
developed for the Band I transmission at the Norwich station, 
because the power that could be radiated over a wide sector to 
the south had to be limited to avoid interference in parts of 
southern England and on the Continent, where the same channel 
is being used. 

A system with the dimensions shown in Fig. 2(d) gives a fairly 
uniform horizontal radiation pattern and is suitable for Band III 
transmissions with a square-section mast of 4ft side. Such an 
arrangement of four tangential batwings, with suitable adjust- 
ment of the spacing from the mast, can be made to give a fairly 
uniform pattern for a square-section mast whose side is in the 
range 0-5 to 0-9A, or less than about 0-24A. 


(3) VERTICALLY POLARIZED TRANSMISSION 


The batwing unit of Fig. 1(b) can be used with the slot aperture 
horizontal in arrays for radiating vertically polarized waves. 
Fig. 3 shows a provisional design for one tier of a Band III 
aerial suitable for the cylindrical portion of a mast such as is 
used at most high-power B.B.C. stations. Four batwings, 
mounted tangentially round the 6 ft 6 in-diameter mast as shown, 
and fed in phase,-can give a reasonably uniform horizontal 
radiation pattern even though the mast diameter exceeds a 
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Fig. 3.—Provisional arrangement for vertically polarized Band Iil 
aerial on a 6ft 6in-diameter cylinder. 
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wavelength in Band III; the variation with bearing is between! 


+2-5dB and —2-2dB relative to the mean. i 

Four batwings mounted in the same way on a square-section! 
mast of 4ft side would give a considerably more uniform 
horizontal radiation pattern. Comparison with the system of | 
Fig. 2(d) for horizontal polarization is interesting, since, in the | 
event of Band III transmissions being required at a later date | 
from the newer sites of the B.B.C., satisfactory designs for either 
kind of polarization—similar in basic requirements for elements | 
and feeder system—would be available for mounting on the | 
4ft-side masts. 

It should be emphasized here that the reduction in the number | 
of feed points by the use of batwing elements in place of dipoles, 
in systems for horizontal polarization, is achieved because the 
number of tiers required to fill a given vertical aperture is reduced. 
But the factor of reduction is by no means always as low as one- | 
half in systems of this type, though there is usually a worth-while 
improvement. Systems for vertical polarization can achieve the 
full reduction of one-half in the number of feed points within . 
each tier, the optimum tier spacing being unaffected; but, unless 
there is a satisfactory parent system with dipoles 4A apart, the’ 
use of one batwing for every two dipoles may seriously degrade 
the horizontal radiation pattern. 


(4) OTHER DEVELOPMENTS 


A new feature of most television aerial systems to be installed 
at future B.B.C. stations is that they will be split into upper and 
lower halves. Each half will be fed through a separate trans- 
mission line running up the mast, and the halves will normally 
radiate in phase. In the event of a fault in one half the other 
half may continue to be used. With full power in one half of 
the aerial the effective radiated power would be reduced below 
normal by only about 3dB. This arrangement allows a separate 
reserve aerial to be dispensed with. 

Future developments in television may require the transmission 
of two Band III programmes simultaneously from the same site, 
in which case there are obvious advantages in using a single 
Band III aerial array for the purpose. Batwing arrays of the 
type described can be matched very well to the feeder system 
(e.g. to give a standing-wave ratio better than 0-9) over the whole 
of Band III. With two channels spaced 15 or 20 Mc/s apart 
there should be no great difficulty either in combining both pairs 
of sound and picture signals into one feeder system or in trimming 
the aerial end of the feeder system to give the high degree of 
matching required at the two vision carrier frequencies. 
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| ( SUMMARY 


The response characteristics of a distributed amplifier are discussed. 
It is shown that they may be improved by making the delay charac- 
teristics of the anode line and the grid line different. This method, 
which may be called “staggering,” may be applied with advantage to 
almost all the conventional circuits employed in constructing dis- 
tributed amplifiers. It enables one to obtain a flatter gain/frequency 


_ characteristic and a more linear phase-shift/frequency characteristic 


than could be obtained with the corresponding unstaggered amplifier. 
Photographic records of the response of experimental amplifiers to a 


_ Step-voltage input show this improvement very clearly. 


e (1) INTRODUCTION 
The principle of distributed amplification was originally 
suggested by Percival and has since been developed by many 
other workers. A distributed amplifier consists mainly of two 
transmission lines of identical characteristics, called the grid line 
and the anode line, with a number of amplifying valves arranged 
between the two lines in the manner shown in Fig. 1. The lumped 


Fig. 1.—Circuit diagram of a distributed amplifier. 


transmission lines are terminated properly ateachend. A signal 
voltage applied at the input end of the grid line travels down the 
line to the other end where it is absorbed by the terminating 
impedance. This travelling signal is picked up by the several 
valves, the grids of which are connected to the grid line as shown. 
From the anode of each valve the amplified signals travel in both 
directions. Since the grid and anode lines have identical delay 
characteristics, the forward-travelling signals from each of the 
anodes appear at the output terminating impedance at the same 
time and add together to give an amplified output. The back- 
ward travelling signals, on the other hand, arrive at the corre- 
sponding termination at different instants, and the voltage at this 
termination of the anode line is a succession of input signals, 
amplified and spaced equally apart. This voltage is of no 
consequence for amplification, and is lost in the non-reflecting 
terminating impedance. 

For faithful reproduction of the input signal an amplifier is 
required to have a large bandwidth with flat amplitude and delay 
characteristics. The lumped transmission lines used in a dis- 
tributed amplifier consist of low-pass filter sections arranged in 
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cascade and terminated at both ends by the proper termination 
impedances. The bandwidth of the amplifier as a whole depends 
on the cut-off frequency of the low-pass filter sections. The 
overall gain characteristic is governed by the variation of the 
characteristic impedance of the anode line within the pass 
band, and the overall phase-shift characteristic is identical 
with that of the lumped lines. Since the characteristic im- 
pedance of such lumped lines consisting of series-inductance 
and shunt-capacitance elements increases as the cut-off fre- 
quency is approached, the amplifiers show a peak in the gain 
characteristic below the cut-off frequency. Also, in general, the 
phase-shift characteristics. of low-pass filter sections deviate from 
linearity as the cut-off frequency is approached. Attempts to 
flatten out the peak in the gain characteristic have given rise to a 
number of circuit arrangements. Similarly, attempts have been 
made to linearize the phase-shift characteristic by using special 
networks. Most of these methods replace the simple constant-k 
LC filter network by more complicated networks which exhibit 
flatter gain and more linear phase-shift characteristics. Thus 
mutual coupling between the coils forming the successive series 
elements of the line has proved to be useful in improving the 
phase-shift characteristic, and pairing of the anodes and intro- 
ducing lossy elements in the filter networks have been used to 
improve the gain characteristic.!>? 

A new method is described in the paper which improves both 
the gain and the phase-shift characteristics at the same time. 
This method may be termed ‘‘staggering.’’ The lumped lines in 
the distributed amplifier are so arranged that the anode-line 
travelling wave and the grid-line travelling wave are not in phase 
at corresponding points along the lines. It may appear at first 
that this will produce distortion by spacing the component 
signals (i.e. the signals which appear at the output through the 
different valves) in time. But it is found that the steady-state 
gain and phase-shift characteristics may be improved considerably 
by properly adjusting the stagger. The principle underlying this 
improvement is quite simple and is explained in Section 2 with 
reference to the constant-k LC filter network. 


(2) PRINCIPLE OF STAGGERING 


In an amplifier embodying the constant-& LC filter network as 
the elements of the lumped lines, the stagger is introduced by 
making the cut-off frequency of the grid line a little higher than 
that of the anode line. 

At a given frequency, a line with a higher cut-off frequency 
produces a smaller phase shift than one with a lower cut-off 
frequency. Also, the difference between the phase shifts produced 
by the two lines increases continuously as the frequency is 
increased. 

With the above arrangement, therefore, the anode line will 
introduce a phase shift larger than that introduced by the grid 
line. In Fig. 1, let the phase shifts introduced by the individual 
sections of the anode line and the grid line be 6, and 0, 
respectively. 

The improvement in the steady-state characteristic of the 
amplifier can be understood in the following way: Let OA in 
Fig. 2 represent the voltage vector at a particular frequency at 
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Fig. 2.—Vector diagram to illustrate improvement in phase-shift 
characteristic due to “staggering” in 5-valve amplifier. 


OV = Input voltage. 
OA, OB, OC, OD, OE = Output voltages due to valves V1, V2, V3, V4, Vs respectively. 


the output terminals of the amplifier due to the component 
signal which has travelled through the first valve and then through 
the anode line. Its phase angle with respect to the input voltage 
is 7 + (n — 16, n being the number of valves in the amplifier. 
The component signal, which travels along the first section of the 
grid line and then arrives at the output terminals through the 
second valve and the remaining portion of the anode line, 
suffers a phase shift of 6, + (x — 2), + 7, and consequently 
lags behind the voltage OA by an angle 6, -- 6,). Let this 
voltage be represented by the vector OB. In’: a similar manner, 
the component signal which arrives at the output through the 
third valve travels through one section more of the grid line and 
one section less of the anode line, and consequently falls behind 
OB by the same phase angle (9, — 4,). Thus, the overall output, 
which is the vector sum of these and all other such component 
signals travelling through different portions of the anode and 
grid lines, suffers a net phase shift which is less than that intro- 
duced by the anode line from the anode of the first valve to that 
ot the last valve, and greater than the phase shift introduced by 
the grid line between the grids of the first and last valves. As is 
shown later, the phase shift of the final output is, in fact, the 
average of these two phase shifts. Since the grid-line cut-off 
frequency is made higher, the phase-shift characteristic of the 
grid line is such that its deviation from linearity is less than that 
of the phase-shift characteristic of the anode line at all frequencies 
below the anode-line cut-off frequency. Consequently, the 
average of the two characteristics is more linear than the phase- 
shift characteristic of the anode line (see Section 10.1). That is, 
the linearity of the overall phase-shift characteristic of the ampli- 
fier is better than would have been obtained by making the cut-off 
frequencies of the two lines identical and equal to that of the 
anode line (see Fig. 3). 


SHIFT 


PHASE 
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Fig. 3.—Curves illustrating the principle of phase-shift improvement 
by staggering. “4 
(a) Phase-shift characteristic of anode line. 


(b) Overall phase-shift characteristic of amplifier. 
(c) Phase-shift characteristic of grid line. 
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The improvement in the gain characteristics is easily under-, 
stood. If the stagger is adjusted in such a manner that the 
vectors OA, OB, etc., arrange themselves so that the resultant 
is zero at some frequency just below the cut-off, the peak in the 
gain characteristic can be avoided. | 

Tischer? has shown that the gain-bandwidth product of an 
amplifier is approximately proportional to 


| A(w) cos [Ad(w) |deo 


0 


where A(w) is the amplitude characteristic and A¢(w) is the 
departure of the phase characteristic from linearity. When a 
distributed amplifier. is staggered, both A(w) and Ad(w) are 
modified. Therefore, the gain-bandwidth, product will improve 


if the reduction in {Awd i is more thee compensated by the 


reduction in Ades). Photographic records of the transient 
response of experimental amplifiers (Figs. 14 and 15) show that 
there is a slight overall improvement in the rise time of the 
staggered amplifiers. Since the gain is the same in both ampli- 
fiers, this means a corresponding improvement in the gain-band- 
width product. 

We shall now proceed to study the effect of staggering on the 
gain and phase-shift characteristics of distributed amplifiers with 
three different types of network. 


(3) AMPLIFIER WiTH CONSTANT-& LC FILTER NETWORK 


The overall gain characteristic of a staggered distributed ampli- 
fier with constant-k LC filter network is given (see Section 10.2) by 


_ , Zon Sin mp/2 
AG) = 8m, neo @ 
and the phase shift by 
d(x) = (n — 1) (arcsinx + aresingx) . . . (2) 


where _— g,,, = mutual conductance of the valves employed. 


Zox = characteristic impedance of the anode line 


WF n (ya - x) 


n = number of valves in the amplifier. 
ob = (6, — 6,) = 2 (are sin x — arc sin gx). 
Wo, and Wo, = anode- and grid-line cut-off frequencies respec- 
tively. 
I = pl Mu. 
x = normalized frequency = 


w/wop- 


This gain is measured from the grid of the first-valve to the anode 


of the final valve. The gain and phase-shift characteristics of the 
corresponding unstaggered amplifier are given by 

A(x) = ng ype a 
and d(x) = 2 —1)aresmx 


Curves of the gain and phase-shift characteristics for both the 
staggered and unstaggered cases are shown in Figs. 4 and 5 for 
n = 5 and for different values of g, the staggering factor. 

In order that the gain may fall to zero just below the cut-off 
frequency of the anode line, the relation 


q=sin(n/2— afm). sO. 


has to be satisfied (see Section 10.2). This, however, is not the 
optimum value of g. From the curves in Figs. 4 and 5 it appears 
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NORMALIZED GAIN, A(x) 
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Fig. 4.—Normalized gain/frequency characteristic for different values 
i of staggering factor q. 
q = 1 corresponds to the unstaggered case. 
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| Fig. 5.—Normalized phase-shift/frequency characteristic for different 
values of staggering factor q. 


q = 1 corresponds to the unstaggered case. 


| 


that the optimum value of q lies near 0-7 for n = 5, although 
eqn. (5) yields g = sin 54° = 0-809. 


(4) AMPLIFIER WITH LINES HAVING MUTUAL COUPLING 
BETWEEN ADJACENT COILS 


It is known that the phase-shift characteristic of an m-derived 
low-pass filter can be made linear up to about 60% of the pass 
band by making the value of m greater than unity. Such values 
of m require a negative inductance-element in the shunt branch 
of the filter. This may be realized in effect by introducing a 
mutual coupling between the adjacent coils of thé series elements 
of the line. 

The delay characteristics of m-derived filter sections with m 
geeater than unity are shown in Fig. 6. From this set of curves 
it is seen that the value of m for the best linearity of the phase- 
shift characteristic (i.e. for the flattest delay characteristic) is 
about 1:27. Thus, if a distributed amplifier is constructed with 
transmission lines consisting of m-derived filter sections with 
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Fig. 6.—Normalized delay/frequency characteristic for different 
values of m. 


m = 1°27, its phase-shift characteristic will be linear up to about 
60% of the pass band. Also, the cut-off frequency of such an 
m-derived filter section is higher than that of the corresponding 
constant-k filter (m = 1) by the factor m. This increase in the 
bandwidth, combined with the linearization of the phase-shift 
characteristic, results in an overall improvement of the amplifier 
response. 

The phase-shift characteristic, as well as the gain characteristic, 
of a distributed amplifier with m-derived filter sections as men- 
tioned above may be improved further by staggering. The 
principle underlying the improvement in this. case is the same as 
that in the previous case, described in Section 3. 

The stagger in this case is introduced by making the m-values 
of the anode line and the grid line different, the grid-line having 
the larger m. 

Since the overall! delay characteristic of a staggered distributed 
amplifier is the average of the delay characteristics of the anode 
and the grid line (see Section 10.1), the m-values of the lines are 
so chosen that the average of the two delay characteristics may 
be as flat as possible. A study of Fig. 6 reveals that there are a 
number of possible combinations which will satisfy this condition. 

The gain characteristic of an m-derived staggered distributed 
amplifier is given (see Section 10.3) by 


&mZo Sin nyb]2 


ee P 6 
gag 2 sin /2 (6) 
and the phase-shift characteristic by 
n 
P(X) = 54, + 6.) Ue he OY emer) 
(63) 
where xX, = normalized frequency = 7 Rov ok = FRoeCk 
MyXp = MXz. 
m, and m, = sont Oe of the anode and grid lines respectively. 
Ce = anode-cathode (anode-earth) capacitance. 
C,, = grid—cathode capacitance. 
Rop Rog = anode- and grid-line characteristic impedances, 


op? 
respectively, at zero frequency. 


6, =phase shift of the anode line per 
meal i De 
4/1 — x?) 


section 


== 2 arctan 
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Fig. 7.—Normalized gain and phase-shift curves for 5-valve amplifier. 
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Staggered: my = 1:4; mp = 1:2. 
—-~— Unstaggered: sore = Mp = 1:2. 
Staggered: mg = 1-375; mp = 1-175. 
——--— Unstaggered: my = mp = 1:2. 
Staggered: mg = 1°4; mp = 1°14. 
—-—— Unstaggered: my = Mp = = 1°14. 


st | 


= phase shift of the grid line per section’ 

= 2 are tan- Mere ; 

; Va = 

ge i Roplg ; 

e J (m2 — x2)v/[1 += 1fm2)x2] 9/1 + 0 — 1/22] . 
b = 0, — 8,. 


Curves of He gain and phase-shift characteristics for three | 
combinations of m-values are shown in Figs. 7(a), 7(b), 7(c). In. { 
Fig. 7(a), m, = 1: 4 and m, = 1:2; in Fig. 7(6), m, = 1-375 and | 

m, = 1: 175; and in Fig. 7(c), m, = 1° 4 and m, et 14. They 
number of valves taken is 5. The value of Ro,C,, is kept equal 
to Ro,C,,. This means that the ratio of the cut-off frequencies 
of the anode and grid lines is made equal to the ratio of their 
m-values. 

The gain and phase-shift characteristics of the correspond- 
ing unstaggered distributed amplifier (obtained by putting 


n= mM, = m) are 
R : 
A(x,) = ieee ee (8) 


1 
4/(m — val + (1 — 1) 
= mXg 
do(X,) = 2narc tan ies (9) 
These are also plotted in Figs. 7(a), 7(b) and 7(c) in dotted 
lines. The improvement in each case is noteworthy. 


(5) AMPLIFIER WITH BRIDGED T-NETWORK 
The bridged T-network shown in Fig. 8 may also be used in 
building distributed amplifiers.! If this network is adjusted so 


that 
Co + a) =4C, (10) 


it behaves as an all-pass line with constant characteristic impe- 
dance independent of frequency. 


Cy Cy 


ne 


(a) (8) 


Fig. 8.—Bridged T-network: equivalent circuits. 


(a) Actual. 
(6) Theoretical, in which L2 = — M, and a = 4L2/L). 


The gain and phase-shift characteristics of an unstaggered 
amplifier under these conditions are given! by 


emi 1 


AG y= (11) 


2 [1— 220 ee? 
and P(x,) = 2n are tan eer (12) 
where x, = SR, Cx. = 5 RiCor- 
R, = characteristic impedance of the lines. 
tanita? aie. 


k = coefficient of coupling between adjacent coils. - 


I 


ay 150 


The other symbols have the same meaning as before. The delay 
jis given by 
2 1+ x21 + «) 
13 

w, [I es aC Tap + ry seconds (13) 
2 
‘whi = 
% ere Ww, RiCx 


The gain and delay characteristics are plotted in Figs. 9 and 10. 
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9.—Normalized gain/frequency curve for bridged T-network for 
different values of (1 + «). 
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| “Fig. 10.—Normalized delay/frequency curve for bridged T- network for 
different values of (1 + «). 
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_ The gain characteristic, eqn. (11), shows a’ maximum within 
| the pass band for values of (1 + «) >0-5. For (1 +a) <0°5, 
_ the characteristic falls steadily from the zero frequency value. A 
flat amplitude characteristic is obtained up to about 50% of the 
| \pass band (defined by the cut-off frequency w,) for (1 + «) = 0°5. 
The delay characteristic, eqn. (13), is very similar to the gain 
| characteristc. For values of (1 + «) > 0-35 it shows a peak 
‘within the pass band, and for (1 + «)< 0-35 the delay 
diminishes steadily with frequency from its zero-frequency value. 
If (1 + «) = 0-35 a very flat delay characteristic is obtained up 
| to about 70% of the pass band. 
_ A comparison of the curves in Figs. 9 and 10 shows that in the 
case of the bridged T-network very flat gain and delay charac- 
__ teristics cannot be obtained at the same time. if an amplifier 
‘is built to give a flat gain characteristic, its delay characteristic 
| will not be very satisfactory. Also, since values of (1 + «) 
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smaller than 0:45 require the coefficient of coupling between 
adjacent coils to be in excess of 38%, practical difficulties limit 
the construction of such sections of line. Thus it is not possible 
to use this network alone to obtain a very flat delay characteristic. 

The bridged T-network may, however, be used very effectively 
to build an amplifier with a flat delay characteristic if the anode 
line is made up of m-derived sections and the grid line is built 
with bridged T-sections. (See Section 10.4 for the theoretical 
expressions for the gain of such amplifiers.) Thus, if it is adjusted 
so that the value of m for the anode line is 1:4, and (1 + «) for 
the grid line is 0-45, and also R,.Cz,/ RopCp~ = 0° 6 (Ro, and Ry, 
being the characteristic impedances, and C,, and C,, being the 
shunt capacitances of the anode and grid lines respectively), 
the resultant amplifier has a flat delay characteristic up to 
about 110% of the pass band (defined by cut-off frequency 
w, = 2/Ro,C,x), i.e. up to a frequency well beyond the —6dB 
point. Also, the gain characteristic falls continuously from its 
zero-frequency value‘as the frequency increases. Such a charac- 
teristic is quite suitable from the point of view of the transient 
response of the amplifier. Calculated curves for the gain and 
phase shift of such an amplifier are shown in Fig. 11. 


4-0 
“a = 
xs 3r7r a 
it 40 aa 
z ¢ (xp) = 
3 tf 
08 = 
rr QqT 5 
BY 
gos 4 
fe A(xp) = 
Xp 
204 he 
02 
° oO 
ro) 02 0-4 os 08 10 +2 1-4 
NORMALIZED FREQUENCY , Xp 


Fig. 11.—Normalized gain and phase-shift curves for amplifier with 
bridged T-network in the grid circuit and m-derived network in 
the anode circuit. 


(6) EXPERIMENTAL RESULTS 

In order to verify some of the calculations described above, 
distributed amplifiers of different models were built and their 
characteristics studied. 

For the amplifier described in Section 3, having the constant-K 
LC network, a low-frequency model was built. The cut-off 
frequency of the amplifier was kept very low in order to avoid 
complications arising out of unwanted couplings between the 
inductance elements. For the same reason, closed-magnetic- 
circuit dust cores were used for the inductances of the lumped 
lines. In order to minimize the effects of stray capacitances, the 
shunt capacitances of the lines were made large compared with 
valve and wiring capacitances. These measures were taken in 
order to be able to observe the effects of staggering in the absence 
of major interfering effects. For the terminations of the anode 
and grid lines, m-derived half-sections were used. The charac- 
teristic impedance of the anode line was made 600 ohms. Three 
values of the staggering factor were taken (¢q = 1-0, 0°809 and 
0-7) and the grid line was successively adjusted to have the 
corresponding cut-off frequencies. The amplifier had 5 valves. 

The steady-state gain and phase-shift characteristics obtained 
experimentally for the three values of the staggering factor are 
shown in Figs. 12 and 13. 
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Fig. 12.—Experimental gain/frequency characteristic of 5-valve ampli- 
fier with constant-k LC filter network for different values of 
staggering factor q. 
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Fig. 13.—Experimental phase-shift/frequency characteristic of 5-valve 


amplifier with constant-k LC filter network for different values of 
staggering factor q. 


Photographic records of the transient response of these ampli- 
fiers were also made. They are shown in Figs. 14(a), 14(b) and 
14(c). The progressive reduction in the amount of overshoot 
and the decay time of the oscillations of the output voltage (for 
a step voltage input) with the reduction of the staggering factor 
is clearly noticeable. This is a consequence of the linearization 
of the phase-shift characteristic due to staggering. The rise time 
of the amplifier is also found to improve. 

For the staggered amplifier described in Section 4, another 
low-frequency model was constructed. The anode-line cut-off 
frequency of this amplifier was 1-39 Mc/s, and air-core coils 
were used to obtain the required amount of coupling between the 
adjacent coils. In order to study the effects of staggering, the 
m-value of the anode line was kept low (1:14) and that of the 
grid line was adjusted successively to 1:14, 1-3 and 1-4. For 
such high values of m the required coupling between adjacent 
coils is very large. It may not be possible to attain these values 
if the coils are spaced uniformly, especially when the ratio of 
length to diameter of the individual coils is large. In the experi- 
mental amplifier the coupling was increased to the desired value 
by taking some turns of each coil very near to its neighbours. 
For the terminations of the anode and grid lines m-derived half- 
sections were used as in the previous case. 

Photographic records of the transient response of the amplifier 
for these three combinations of the anode- and grid-line m-values 
were made. These are shown in Figs. 15(a), 15(6) and 15(c). 
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Fig. 14.—Photographic records of transient response obtained with 
step-voltage input on 5-valve amplifier with constant-k LC filter 


network. 
(a) Staggering factor, g = 1-0. 
(b) Staggering factor, gq = 0-809. 
(c) Staggering factor, g = 0-7. 
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(c) 


Fig. 15.—Photographic records of transient response obtained with a 
step-voltage input on 5-valve amplifier with m-derived filter 
sections for different combinations of anode- and _ grid-line 
m-values. 

(a) mp = my = 1°14. 
(6) mp = 1°14; mg = 1°3. 
(oc) mp = 1°14; mg = 1-4. 
Time marks are 0-25 microsec apart. 


As in the previous case, the overshoot, the decay time of the 
oscillations and the rise time show pronounced improvement as 
the stagger is increased. 

The steady-state gain and phase-shift characteristics obtained 
by experiment corresponding to the last of the three combinations 
mentioned above (i.e. m, = 1-14 and m, = 1:4) are shown in 
Fig. 16, and the corresponding theoretical curves are plotted to 
the same scales to facilitate comparison. 

The theoretical calculations for the steady-state characteristics 
are made on the assumption of lossless lines terminated with 
their proper characteristic impedances for all frequencies within 
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Fig. 16.—Gain and phase-shift characteristics for values of mp = 1-14 
mg = 1°4. 

Theoretical curves. 

--o-—— Experimental observations. 


the pass band. As this assumption is not rigorously true, the 
experimental characteristics show some deviations from the 
calculated values. 


(7) CONCLUSION 
Phase staggering is found to be a very simple and useful device 
for improving the overall gain and phase-shift characteristics of 
different types of distributed amplifiers. The greatest improve- 
ment is obtained in the case in which m-derived sections form the 
anode and the grid lines. 
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(10) APPENDICES 
(10.1) General Case of Staggered Distributed Amplifier 


Consider the portion of a distributed amplifier between AB 
and CD in Fig. 17. It is the portion between the middle of a 
series element immediately preceding the grid of a valve and 
the middle of the series element immediately following the anode 
of the same valve. Let the voltage at CD due to a voltage V; 
at AB be V, considering only the forward travelling signal. 
Let V/V; = G, the gain of the system between AB and CD. Let 
there be 7 valves in all in the amplifier, and let the phase shifts 
per section of the anode line and grid line be by and 6, respectively, 
each section being a T-structure as in Fig. 17 between AB and QR. 
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Fig. 17.—Simplified circuit diagram for calculating the effects of 
staggering. 


Assuming that there is no loss in amplitude due to the lines 
within the pass band (but only phase shifts of @, and 0, per section 
as mentioned above) the component signal V, at the output 
terminals (due to the input V;,,) passing through the first valve of 
the amplifier and all but one section of the anode line may be 
written 


N= GV,,€ 4-0 : (14) 


In a similar manner, the component signal Vz passing through 
the second valve to the output terminals is 


Vn = GV ,,€ MO —20p + 04] (15) 


since this component passes through one section of .the grid 
line and (m — 2) sections of the anode line. The other com- 
ponents, passing through the third, fourth . . . mth valves are 
given by 

V3 = GV gg 2 3)0p +209) 


Vg = GV ;,6 In 4)6p +30] 


V,, = GV jge-HO- 0 


The resultant output Vo is 


Vo = SV, = GV ne-H0- DT + eid + oY LL. . tel —Dd] 
1 
(16) 

where 7 is written for (8, — 4,). 

Summing, 

; (1 — en) sin mp/2__. 3 

V, = GV..g i" 1p ae) ee aeoe —i(n— le ila 

: ue “d= 6H) sit pl2° “y) 


where ¢’ is written for (0, + 6,)/2. Since the angle of G proves 
to be equal to —¢’ for all the types of network mentioned in 
the text, the overall phase shift is equal to —nd¢’, and is thus 
equal to the average of the phase shifts introduced by the anode 
and the grid lines. As a result, the overall delay characteristic 
is equal to the average of the delay characteristics of the anode 
line and grid line. The magnitude of G depends on the charac- 
teristic impedance and transfer characteristics of the network 
used. 

The expressions for the gain characteristics of the different 
staggered amplifiers will now be deduced. 


(10.2) Amplifier with Constant-k LC Filter Network 


For an amplifier with constant-k LC filter network, the varia- 
tion in the magnitude of G is the same as that of the mid-shunt 
characteristic impedance of a constant-k LC section. Thus 
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_ &mRo : ’ 
2 Wl — x¥ i? 


Ro = \/(L/C) for the anode line. 


G E—IOp+0)/2 — Sie 


where 


WwW 
x= ZRoCox = w]Wop- 


6, = 2 arc sin x; 0, = 2 are sin gx. 
d = @p/@oq- 
&m = transconductance of the valves used. 
Wo, and wo, = anode- and grid-line cut-off frequencies, 
respectively. 


Applying the general relation, eqn. (17), the overall gain 
characteristics is 
Vo. . Zon Si nyp|2 
Vin 8m > Sin /2 
where 7 = (6, — 0,) 
To calculate the gain from the grid of the first valve to the anode 
of the final valve, the half-T sections at the input and output ends 
are omitted and the expression becomes 
Vo. Zoe sin m2 a1) " 
Vin ISD Sines [2 
In order that the amplitude may fall to zero just below the cut-off 
frequency of the anode line, the factor 


sin nys/2 
sin 5/2 
has to vanish at Wop, that is, 
(b/2)' = a at alee (20) 


Since 4/2 = arc sin x — arcsin Vx, putting x =1 and solving 
for g, we obtain from eqn. (20) 


—-jnd/ 


(19) 


q = sin (a7/2 — z/n) 


(10.3) Amplifier with m-derived LC Filter Network 


For the determination of G, consider the circuit arrangement 
shown in Fig. 18. This is a portion of the equivalent circuit of 


Fig. 18.—Equivalent circuit for calculating V/V; for m-derived sections. 


the m-derived LC filter used in the staggered distributed amp- 


2 


lifier. The ratio V/V, may be calculated by the method used 
by Ginzton ef al.!_ This ratio becomes 
Apes eure 
eh me 
d : EFOp+0)/2 
{a — x2 [1 —  — m2) [1 — 0 — m2] | 
= in Z0 5 i4 f (21 ) 
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| eo 5 meee 
\ as ee arc tan Va— x) 
6, = 2 are tan a a 
VL 22) 
(9, and 6, are the phase Shifts of the anode and grid lines 
respectively, per section.) 
Xg = WRog Cal 2mMg. 
Xp = WRo,C, "ely. 
m, and m, = m-values of the grid and oe line, respectively. 
ied Ro, = characteristic impedance of the anode line (at 
w =0) = /(GlC). 
Rog = characteristic impedance of the grid line (at 
w =0) = /GIC,). 


Hence, the overall gain characteristic of an amplifier using this 
metwork and having n sections may be written from eqn. (17) 


Vo _ & Zo sin mp2, 
Fo 2 Sin w/2 
where ys = (6, — 6,) 


_ While combinations of the anode- and grid-line m-values are 
chosen from Fig. 6 in order to obtain a flat delay characteristic, 
‘it is assumed that the curves of these delay characteristics are 
normalized with respect to the same frequency. This requires 
ithat x,m, be equal to x,m, for a given value of a, i.e. 
RogCox = RopCpx- Thus let 


—jnd’ 


(22) 


X,MNg So: XIN y = Xq 


then Z) becomes 
Zp = Rohe 

{m2 = x2)[G +220 = 1m) [1 + 22 — 1m] 
| The corresponding gain characteristics of the unstaggered ampli- 


fiers are obtained by putting m, = = m, in all the above expressions, 
and eqns. (8) and (9) of Section 4 are the result. 


(23) 


ae 4) Amplifier with Bridged-T All-pass Sections in Grid Line 
and m-derived Low-pass Sections in Anode Line 


For this case, the value of V/V,, calculated in a way similar to 
those in the previous cases (see Fig. 19), is 


V _8mRop 
Po > 


1 
V/{[t — x20 +)? + 2b [1 — (1 — m)x2,] 
— 8mZ0 jp" 
) 


E —Ij(Op ae 69)/2 


(24) 
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Fig. 19.—Equivalent circuit for calculating V/V; for amplifier with 
bridged T-network in the grid circuit and m-derived sections in the 
anode circuit. 


mx, 
where 6 = arc tan 
; ee) 
0, = 2 arc tan ee ee 
w 
“5g 7 RieCer 
Ww 
Xm = On RoyC ok 


Rog, Rig = characteristic impedances of the anode and grid 
lines respectively, at zero frequency. 


Applying the general relation [eqn. (17)] again, the overall 
gain characteristic is 


Vonstee Za sin mp2 ing 


25) 
V, 2 sngpj2 Gy 
where f = 0, — 6, 
Putting mx, = Xp, 
R 
Z= Oz . (26) 
9 aff — x2,(1 +) P + xZehv/ [1 + A — 1/m?)x3, 
so that the overall gain characteristic may be written 
Zo sin mp/2 
= QT 
Ap) = Bry 2 sin p/2 Gn 
and the overall phase-shift characteristic 
6+ 8 
Bae zs inte (28) 


For the amplifier described in the paper, m, = 1-4, (1 + ) 
= 0-45, (RigCzx1 RopCpx) = 9° 605. 
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SUMMARY 


Wave propagation in waveguides whose walls exhibit an arbitrary 
but small surface impedance is studied. 

It is shown that, although in the case of circular waveguides all E- 
and H-modes are stable, in the case of rectangular waveguides all 
E-modes and higher-order H-modes are unstable, leaving only Ho- 
modes that can propagate without change of form. 

General formulae are derived from which the propagation coefficients 
of imperfect waveguides can be calculated, and for imperfect cavities 
an expression for the bandwidth and resonant frequency is obtained. 


LIST OF PRINCIPAL SYMBOLS 
Lo, €9 = Permeability and permittivity of free 
space. 


2 
ky = > = w/("Uo€o) = Free-space propagation coefficient. 


Ao = Free-space wavelength. 
Lj, €j, 6; = Permeability, permittivity and con- 
ductivity of the ith medium. 
k; = wv/(w<)) = Propagation coefficient of the ith 
medium. 


Z)= a (2) = Free-space impedance. 


1 Bi 
21-2 


uy a 


KY 
t 


= Normalized intrinsic impedance of the 
ith medium. 


= Normalized (with respect to Zp) surface 
s impedance. 
Z,, Zc = Principal “components”’ of Z, (defined 
in Section 3.3). 
y=a+j8 =k, = Axial propagation coefficient of the 
guided wave. 
a = Attenuation coefficient (axial). 


2 
= - = Phase-change coefficient (axial). 
g 
2 
ho = <" = Cut-off coefficient. 


k,, k, = Propagation coefficient (Cartesian) in 
the transverse plane of a rectangular 
waveguide. 

a, b = Dimensions of a rectangular guide. 
u, V = General co-ordinates in the transverse 
plane of the waveguide. 
Ss = Radius of a circular waveguide. 
L = Length (axial) of a resonator. 
7 = Wave coupling coefficient normalized 
with respect to Zp. 
A, A, = Quantities defined by eqn. (86). 
€1, €2, €3 = Metrical coefficients. 
In the modal notation: M,,,,, ; the indices are: 
m = “Circumferential” index (0, 1, 2,.. .). 
n = “Radial” index (x, @, 0, 1, 2,...). 
I = “Axial” index (x, @, 0, 1, 2, .. .)w 


_ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
Dr. Karbowiak is with Standard Telecommunication Laboratories, Ltd. 


These denote that either the wave is evanescent (x) in that 
direction, or it is propagating (@) in that direction or that the 
wave exhibits a number (0, 1, 2, . . .) of anti-nodes within the 
particular dimension. ’ 

The rationalized M.K.S. system of units is used throughout 
and the sinusoidal time-factor ¢/®! is implied} Further, excepting 
Section 6, all field quantities are understood to contain the 
factor e— ¥?, 

The quantity Z) is absorbed in the symbol H (magnetic-field 
vector) and consequently all impedances and coupling coefficients 
are normalized with respect to that quantity. As a result of this 
normalization the quantities involved in the formulae are 
dimensionless and the wavelength, for example, is measured in 
units in which one chooses to measure distances. 


(1) INTRODUCTION 


The concept of impedance between two points of an electric 
circuit is an old one, and Ohm’s law in its original form provides 
us with a definition of impedance (Z) in terms of two measurable 
quantities—the current (J) and the potential difference (V). 
Although impedance is not a directly measurable quantity 
(being measured by the ratio V/J) it is an important quantity 
since in a way it describes quantitatively an electrical property of 
a body or a network between two chosen points, and as such it 
can be regarded as a physical characteristic of the body or the 
network considered. Undoubtedly, it is largely due to the last- 
mentioned feature that the impedance concept has been so 
successfully employed in many branches of engineering and 
applied sciences. 

There has been, however, some delay and even reluctance, in 
the past, to extend the impedance concept to “field” problems 
(as distinct from “circuit” problems) of electrical engineering. 
One of the difficulties of adopting the impedance concept to 
field problems is the absence of conduction current, and even 
when the electromagnetic field is bounded (as it usually is), the 
current flowing in the bounding surface is not related uniquely 
to the field at a point but is a function of the total field con- 
figuration. Consequently no satisfactory definition in terms of 
voltage and current is possible, but the difficulty is not real, and 
a satisfactory definition of impedance (due to Schelkunoff!) in 
terms of the field vectors E and H can be constructed. Accord- 
ingly we define the impedance in the direction n at a point in an 
electromagnetic field by 

Zoe () 
5 Sn RE oes 
where S is the complex Poynting vector.* The impedance so 
defined is termed “‘wave impedance” and the concept of wave 
impedance has been used by a number of investigators?»? in the 
solution of a variety of problems. 

Here the concept of impedance is applied to the solution of 
boundary-value problems. In particular, wave propagation in 
waveguides whose walls are other than perfectly conducting is 
investigated in detail, with particular reference to those whose 

* This is analogous to Z = 1 le 


3 p in electric-circuit theory, where P is the complex 
power flow. 
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geometry is either perfectly rectangular or perfectly circular. 
Throughout the paper, where quantitative formulae are involved, 
these are subject to one assumption only—namely that the wave- 
‘guide surface impedance is small. Under this condition the 
‘problem for any physical waveguide can be solved in two separate 
‘steps. First, a solution is found for an arbitrary value of surface 
impedance for the given guide shape (Sections 4, 5 and 6). 
Secondly, an expression for the surface impedance of the guide 
surface is found in terms of the physical properties of the surface 
(Section 3) and this value of surface impedance is used, in the 
‘general formulae derived, to find the value of propagation 
coefficients. 


(2) OUTLINE OF APPROACH 
(2.1) General 


The simplest boundary-value problem that one can encounter 
is that involving surfaces (S) on which the wave function (i) 
satisfies either of the two requirements given by the following 


equations: 
Wigs. ww we ts 


d 
[20] =o . oe) 


In the case of eqn. (2) the surface S, has the property that the 
tangential component of the E-vector (E,) on the surface Sj is 
zero, while with eqn. (3) the tangential component of the 
H-vector (H,) is made to vanish on the bounding surface S$}. 
Because of this property the surface S, can be regarded as a 
short-circuit surface, while the surface S, forms a virtual open- 
circuit to the field considered. Such boundary conditions are 
called perfect. 

No physically realizable bounding surface can satisfy the con- 
ditions of eqns. (2) or (3), but many can be made to approach 
very closely to one of them, and this is the state of boundary 
that will occupy our attention. Primarily we shall be concerned 
with boundaries on which £,, and thus the ratio £,/H,, is small, 


FRAGMENT OF 
GUIDING PLANE 
s 


He 


Fig. 1.—Sign convention for Z;. 


and this ratio* defines the surface impedance of the boundary 
(Fig. 1); it will be assumed throughout that the inequality 
(Section 3.1) 


gail<t- 2 2 @O 


E, 

it 
is satisfied. 

The problem on hand is the wave propagation in imperfect 
uniform guides (rectangular, circular, etc.), and although the 
problem could, at least in principle, be solved for each particular 
case by rigorous solution of the boundary-value problem, the 
approach, in general, suffers from prohibitive complexity. 

The alternative approach to the problem is well known in the 
case of metallic guides and provides us with a means of cal- 
culating the attenuation of the guide. In this method the problem 
is solved for the case of a perfect guide and it is assumed that the 
field is not materially affected by the substitution of imperfectly 
conducting walls for the perfectly conducting boundaries. 

* This ratio will, in general, be complex, and carries a sign that is positive when the 


vector product (E x H) of the field components at the surface is directed into the 
surface, and is negative when it is directed away from the surface. 
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Subsequently, the power loss to the guide wall is evaluated by an 
integration process and the integration of the Poynting vector 
over the cross-section of the guide yields the power carried by 
the guide; the attenuation of the guide is then calculated in the 
conventional manner.* This conventional approach to imperfect 
waveguides leads to an expression for the attenuation coefficient 
which can be correct only if the above italicized assumption is 
true. 

._ The method introduced here is no more involved than the 
integration method and is based on the calculus of perturbation 
as explained below. 


(2.2) Perturbation Effects 


Suppose the solution to the problem of wave propagation in a 
perfect guide of a given shape is known and suppose that it is a 
mode of the region appropriate to the guide shape. Let this 
mode be denoted by Mp and let By (= —jyo) be the phase 
propagation coefficient of the guide; then the free-space propaga- 
tion coefficient, kp, and the separation constant, fg (cut-off 
coefficient), are connected as follows: 


WB=W+B=R-y .... (5) 


However, when the walls are imperfect the field inside the wave- 
guide is given by 


RL NEE eS mie)! Ch oe, LO) 


i=1 


where M; are orthogonal modes of the region. Further, ho will 
become / [equal to Ay + 5(h)] and consequently yo will become 
y (equal to yp + dy), and since kg is a constant, 


ho 
IPBo 


OO = SOM ce! og as me sy CD 
The perturbation term, d(y), is, in general, complex 
[S(y) = « + j6(B)], its real part « being the attenuation 
coefficient of the guide, and its imaginary part, 4(8), a 
measure of change of the guide wavelength (A, = 27/f). The 
quantity 6(4) depends on Z,, but the actual functional dependence 
is a matter of the guide geometry and can be calculated from the 
value of Z, and the dimensions of the guide (see Sections 4 and 5). 


(2.3) Purity and Stability of a Mode 


With a perfect guide a simple function M; is the solution to 
the problem—this is a pure mode. We note, however, that an 
imperfect guide cannot support a pure mode, but the original 
mode is; of necessity, accompanied by a denumerable infinity of 
other modes, as given by eqn. (6), and the field inside the guide 
is then said to be an impure My-mode. 

It is thus evident that in the case of imperfect guides it is 
difficult to speak of modal propagation and the conventional 
division of waves into E- and H-modes takes less significance 
when viewed in this light. Yet, provided that as Z, tends to 
zero all coefficients 7; in eqn. (6) tend to zero, the mode Mpg is 
said to be stable and we can then speak of an imperfect guide 
as supporting a substantially pure Mo-mode. 


(3) THE MEANING OF SURFACE IMPEDANCE 
(3.1) Boundary separating Two Media 


Imagine a plane TEM wave incident, at an angle @ to the 
normal, on a plane boundary between two homogeneous and 
isotropic media. As is well known, a proportion of the energy 
will be reflected and the remainder transmitted into the other 
medium (characteristic impedance, Z,). Although the nature of 


* E.g. see LAMONT, R. L.: ““Wave Guides” (Methuen and Co., Ltd., London). 
* 
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the phenomenon will depend, in general, on the polarization of 
the incident wave, provided that |Z,| <|Z,| the impedance 
“across” the plane separating the two media is substantially 
equal to Z>, the characteristic impedance of medium 2, and, 
as such, is a constant characteristic (at any given frequency) of 
. the boundary. 

Now suppose medium 1 (a dielectric) filling the inner space of 
the guide is bounded by a metal crust whose thickness is large 
in comparison with the skin depth at the frequency considered: 
the solution to the wave propagation in such a guide is obtained 
by analysing wave propagation in a guide whose walls exhibit the 
physical property Z, = Z2, where Z, is the characteristic im- 
pedance of the metal concerned; at Be same time the condition 
of eqn. (4) is satisfied. 

Using the well-known expression for the characteristic 
impedance of a good conductor‘ we find that the surface im- 


pedance of a metal surface is given by 
’ * te | wpe 
= = Lj) = Sian 
Go FS Le ( me ere et : ) 245 (8) 


It will be observed that the surface impedance of a metal surface 
possesses equal resistive and inductive components. The resistive 
part is, in general, responsible for the attenuation while the 
reactive part is the factor influencing the phase velocity of the 
guided wave. As a result we can form the following physical 
picture of wave propagation in an imperfect guide. 

The guide can be imagined to be formed by lossy walls pos- 
sessing the attribute of resilience or inertia: the energy of the 
wave is thus slowly damped out and part of the energy carried 
by the wave is made to surge backwards and forwards across the 
guide wall. Further, because Z, is finite, the energy of the wave 
is forced to penetrate the guide wall where, through the medium 
of the wall impedance, the principal mode is coupled to a number 
of other modes [eqn. (6)]: the purity of the mode is thus spoiled. 


(3.2) The Uniform Impedance Sheet 


A plane boundary separating two media as described above is 
an example of a homogeneous impedance sheet. In particular, 
since the value of this impedance is independent of the polariza- 
tion of the field, it is not only a homogeneous but also an isotropic 
impedance sheet. There is a whole variety of such surfaces, but 
here we shall discuss but one more case that is of significance, 
namely that of a metal surface coated with a uniform layer of 
dielectric. 

Imagine a TEM wave incident on a perfectly conducting 
plane coated with a thin layer of dielectric, as indicated in Fig. 2. 
It is evident that the wave impedance in the direction normal to 
the plane y = 0 depends on the value of the angle @, and, in 


MEDIUM 1 


REFLecS 


“MEDIUM 2 


Fig. 2.—Dielectric coated surface. 


general, no unique definition of the impedance of the plane y = 0 
is possible. However, it can be shown that for large values of 0 
(glancing incidence) this impedance acquires a unique significance. 
This is of particular importance in connection with guided 
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waves: here the electric vector is substantially normal to 
surface (9 = 90°). “s 

Further, the surface impedance of a conducting sheet when 
coated with a thin layer of dielectric depends on the pola 
tion of the wave. Thus, for example, this impedance “te 
referred to the plane of the conductor is, for E-waves, given b 


(see Appendix) 
a = coo] (#2) = ey ae. 0) 


while for H-waves this impedance is zero. It must be em- 
phasized, however, that this impedance is independent of the 
orientation of the impedance plane relative to the direction of 
wave propagation, and for this reason such an impedance sheet 
will be called isotropic. 


(3.3) The Anisotropic Surface Impedance iA 


Imagine a surface made up of strips of different materials as 
shown in Fig. 3, where the directions 7 and ¢ are two principal 


MEDIUM 2 


MEDIUM ! 
Fig. 3.—Anisotropic surface. 


axes of the surface which need not, in general, coincide with the 
direction of the wave propagation z. It is clear that such a 
surface is no longer homogeneous; however, if the widths of the 
individual strips ¢, and t, are very small in comparison with the 
wavelength of the wave, the heterogeneous nature of this surface 
will be of no consequence (quasi-stationary solution) and the 
surface then may be expected to behave as if it were homo- 
geneous, of a uniform impedance Z,. The assumption that the 
period of the heterogeneity of the surface (t, + f,) is small in 
comparison with the wavelength will be made throughout this 
Section. 

It is apparent from the impedance sheet, shown in Fig. 3, that 
the performance of such a structure will depend on the angle b, 
i.e. the orientation of the sheet relative to the direction of wave 
propagation; for this reason such a surface will be termed 
anisotropic. Further, it is evident that a single complex number 
will no longer suffice to describe the physical property (Z,) of 
the surface adequately, and consequently the-following notation 
will be introduced: 

Let the impedance’ of the surface shown in Fig. 3 when the 
field is polarized with the E-vector directed along the ta axis asi 
AA “ 7), and when polarized with the E-vector along 7 axis 

PAC 7); further, where no confusion is likely to arise these 
ee components will be denoted by Zz and Z, ‘no Tespectively. 


Suppose, as an example, that the guide is made of thin strips 
of two different metals whose intrinsic impedances are Z; and 
Z> respectively; for a wave polarized along the 7 axis we have 


(19) 


Zit; + Zotz 
t; + Tt, 
222th + tr) 
"Loh Pee 


Z, = 


Similarly, 


Another example of an anisotropic surface is a grooved or 
orrugated surface (Fig. 4). If we let Z, be the impedance 
TEM; fringe field neglected) as presented by the narrow 


Fig. 4.—Corrugated surface. 


sroove, and Z, the intrinsic impedance of the metal of which 
the surface is made, and if the period of the structure is sufficiently 
small, 


_ Zh + Zot 
ty + ty 


Or, if the surface is made of a good conductor* (|Z,| < |Z;\), 


then Zn, 


(12) 


Z, 2 2, (13) 
while zn = f2 (14) 
2 


(3.4) Other Types of Impedance Sheets 


The impedance surfaces described above are just a few 

examples of surfaces that, although physically distinct, can be 
described in terms of the quantity Z,, and in the case |Z,| < Zp 
that quantity, characteristic of the surface, can be calculated 
quite simply as has been illustrated. 
_ There is yet another type of surface that merits further elucida- 
tion: the randomly corrugated or “‘rough’’ surface. The reflec- 
tion of electromagnetic waves from a rough surface has been 
discussed in detail by Rice> and Ament®, and from their work 
some idea regarding the properties of rough guide surfaces may 
be obtained. The relevant properties are listed below: 


(i) The roughness of a corrugated surface can be resolved into 
its Fourier spectrum; thus a periodic corrugated surface will have 
a discrete spectrum, while an aperiodic rough surface will be 
characterized by a continuous roughness spectrum. 

(ii) If there is a significant correlation between a periodic function 
and the aperiodic rough surface, the roughness spectrum of the 
surface will exhibit a pronounced peak in the vicinity of that period, 
and, if this period is significantly less than the wavelength of the 
guided wave, such a surface tends to behave as if it were uniformly 
corrugated at the corresponding period. 

(iii) The low-frequency components of the roughness spectrum, 
whose period is greater than the wavelength of the guided wave, 
are responsible for the scattering of the wave. 

(iv) The high-frequency components of the roughness spectrum 
whose period is significantly less than the wavelength of the guided 
wave give rise to surface reactance. 


(4) WAVE PROPAGATION IN RECTANGULAR 
WAVEGUIDES 


(4.1) Field Equations pertaining to Rectangular Guides 
(4.1.1) E-waves. 
These are derived from the wave function 


= (Sosket) (Gos?) = 


* Compare this result with that obtained by a more rigorous method. 


(15) 
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so that the remaining field components, apart from a constant 
factor, are given by 


H= ee k 


fi cos k 
a= Tee \ cog * eae »”) 
kk, sin — cos 
E, =j-=” 
rele (cos **) ( sin k,y) 
kok cos i oe 
Kok, — sin 
LEY h sin fe \ aos ky y) 
leks COS sin 
ea h2 ( sin kx) ( ky v) ] 
(4.1.2) H-waves. 
These are derived from the wave function 
cos cos 
H, = tie kx) (CS kyy) ee 93 


so that the remaining field components, apart from a constant 
factor, are given by 


ike sin COs } 
ts J he eas, 2) (Gin ) 
Kok, /— sin cos 
Pome he ( cos kx) ( sin ky ) 
kk, cos sin f de 
BO ee 2 
My =i h2 ee kx) ( — cos k,y) 
Kok, (cos sin 


In these expressions k,, k, and k, have the following meaning 


(Fig. 5): 
o 
1 b+ 
bel 


Fig. 5.—Co-ordinate system in relation to a rectangular guide. 


y 


For perfect guides 


he = k2y + ky | 
kg = Kiko + Ko + Kio 


i : (19) 
TT 
bo~ (2) ba (§) | 
27 2a 
nel ley rnS = 20 
o= Gy): bo = Bo = 5 (20) 
while for an imperfect guide these values are 
ke = k2 + k2 + k2 
k,, = kg + 8,) 
ky = kyo + Ok,) 
k, = ky + 5k) (21) 
h =hy + SA) 
y =a + JP =[« + j8(B)] +JBo 
dy =a + joB 
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The surface impedance of guide walls at x = aand y = bare 


Zi... az 
“Hk Bg (22) 
Tae 

Fi, = Z,(x, 2) | 


with analogous expressions for the surface impedance at x = 0 
and y = 0. 


(4.2) The Eon and Hon-waves 


These waves are characterized by k,g = 0. As is well known, 
a perfect guide cannot support an Eo-mode, thus the Ep-mode 
can be coupled to the Ho-mode only by the medium of, for 
example, the wall impedance. Consequently the field in a 
rectangular guide must be derived from 


H, = cos k,x . cos kyy fe 


E,=7Tsink,x.sink,y | (23) 
where, since Z, is small, r and k, (= 5k,) are likewise small. 

We now suppose that all walls are perfect but for the wall at 
x =a, which will have two components: the circumferential 
component Z,(¥, a) and the axial component Z,(y, Z). In this 
case obviously k, = dk, = 0 and there is no coupled E-wave; 
however, the Ho:wave, ahhoush its purity is unimpaired, suffers 
a change in the coefficients k, and k, as follows. From eqns. 
(22), (23) and (18) we have, to the first order of quantities, 


=f sin k,x) 


since k, = h. 


I 
Consequently d(h) = (2) IZ, 2) (24) 
a ko 


Thus from eqn. (7), 


= FE RL2O- 9 


Therefore, the performance of the guide depends only upon 
the circumferential component of the impedance. 

We turn our attention now to the wall at y = b, which again 
has two components: the circumferential Z,(%, z) and the axial 

Z,(x, 2). In this case 5k, =0 while k, = 8(k,), and conse- 
quently there will be a coupling between ‘the Ho- “and Eo-waves. 
Neglecting terms of second and higher orders in d(k,), we get 


(25) 


| - 
ET AE jae 3 se b. bk, 
AH xly=b Kk, ae Ko Sk 
J he The y 
4 aepalipsy (26) 
band sh y 
and ; 
ie = es E,| kok, x 
<r el Balen ( “R )bdk, . 7) 
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Substituting from eqns. (26) and (27) we get 


b(3k ci (is) ns iz(E8):|k 


= 5 
2 jBo 


“0 + Z,(B9) [ie 


Since 


therefore 


1 


“a 
(30). 


* 
For a homogeneous surface impedance that is independent of 


the polarization, we have Z, = Z, = 


Z,, for which case eqn. (30) 
becomes 


i 

1 ko * 

d(y)2 = > Bo =(Z,) (31) 

If in addition Z,(y, z) = Z,, then adding eqns. (25) and (31) 

and multiplying by two, ke total d(y) for a a 
rectangular guide is given by 


lio\2 1 x 
_ Ko 0 x 
(yr ar a i le . (32) 
The real part of this expression is | 
A,| 27Ap\2. 1 : 

sale ((t _IR 33) 

#3 x) rs | 4 : % 


which is the familiar expression for the attenuation coefficient of 
a uniform metal guide. é 
An interesting property of the guide is that the coupling 
coefficient, tr, between the Ep- and Ho-waves depends solely on 
the axial component of the surface impedance of the broad face. 
From eqns. (26) and (28) we get 
il ia . . Ca” 


aaa) 2) ] iat 


This, for the case Z, = Z, = Z,, simplifies to 


~ien (oa) 


which is a small quantity if Z, is small. 

Further, from eqn. (32) we conclude that while the attenuation 
coefficient, a, depends only on R,, the phase propagation 
coefficient, 8, is affected only [by the amount 6(8)] by the 
reactive part of the surface impedance. 


(35) 


(4.3) Higher-Order Waves 
Higher-order waves in rectangular guides are H,,,- or E,, 
waves (m, n 30) for which kj 40 and ky» #0 and the field i 
of these waves is derived, when. tbe walls at x = 0 and y = O are 
perfect, from eqns. (23). If we let tT be the normalized coupling 
coefficient then the field components are 


H, = cosk,x cosk,y 


DS ik ae — 


E,=7sink,x sin k,y 


| Ri | et 2 <n) sin k,x cos k,y 

H, =j sak for) cos k,x sin kyy (36) 
E.=j a a 7) cos k,x sin ky 

Vode jaa + kok 7) sin kx cos k 


! 


i 


| 


————————————— 


Lag 


ha 
a 


Suppose now that all guide walls are perfect except the wall 
at x = a, which has a uniform surface impedance Z,. 


E. E. 
Zz = dy 
ts Thus Aaa fl es, (37) 


To the order of d(k,) only, the substitution of eqn. (36) into 
eqn. (37) leads to 


ea. Ok) 
(Kaky — kokx 4 
if hi, he 7) (38) 
: kky 
(sR in *)a. SU es A | 


_ The elimination of Z, from eqn. (38) furnishes a quadratic for 
| the coupling coefficient 7, with two solutions, namely 


8) 1 
OO ok, Ns 
ae . (39) 
a2 kok, Fa 


It is important to note that, provided Z, is small, as has been 
assumed, 7, and 7, are independent of the value of Z,; the 


| coupling coefficient depends only on the order of the mode and 


the dimensions of the guide. 
Substitution of eqn. (39) back into eqn. (38) gives 


k 7 

Sk), == CUZ) | 
ae les (40) 
5(k 2 = Siz 5 LUZ) | 
Consequently 

k2 
Hy), = eis * Toa" | 

a (41) 
i(y)2 = fy 


a Bo 
Since the coupling coefficient as given by eqn. (39) is not small 
we draw the conclusion that neither E- nor H-modes are stable 


_ with respect to a small perturbation of the quality of the boundary, 
unless m or n is zero. 


Although no higher E- or H-mode can be stable in a rect- 


angular guide, we see from eqns. (39) and (40) that the com- 
bination of waves 


ey nn TE - (42) 
or CE ian a 8 ee ns 72 En) (43) 
are stable. The propagation coefficients of these waves are 
respectively 
V1 = Yo + 8); } (44) 
: ¥2 = Yo + ee \ 
Thus By = Bo + 8B; = Bo + 4 ap 
PME (45) 
By = Bo + 882 = Bo + Aime 
ig) 
and san LESS 
: a koBo : 
(46) 
1 ky 
a ~— Ry 
4 Bo | 
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Undoubtedly we can superimpose (E,H),,,, and (EH,),,, in 
suitable proportions to get at any particular point along the 
guide a pure E,, ,- or H,,,,-wave, but since (E,H)- and (EH,)- 
modes have different phase velocities the wave will propagate 
down the guide suffering a change of form. By this we mean 
that, for example, an E-wave will, while passing down the guide, 
gradually change entirely into an H-wave and then back again 
into an E-wave. It is only the particular combination of E- and 
H-modes as given by eqns. (42) or (43) that is stable and can 
proceed down a rectangular guide without change of form. 


, keN2 
Further, we note that since «, = a(52) , and that since usually 


a > Xo/2, x is less than x, and consequently—unless the wave 
at the entrance to a guide is a pure (EH,)-wave—the wave at the 
end of a long guide will be substantially a pure (E,H)-mode. 

The particular combination of E- and H-modes, as given by 
eqns. (42) and (43), with coupling coefficients as given by 
eqn. (39), are known as longitudinal-section waves, first men- 
tioned by Buchholz’? in 1939. These waves are characterized 
by the absence of the £, component as in the (E,H)-mode or 
the absence of the H, component as in the (EH,)-mode—as a 
study of eqn. (36) together with eqn. (39) will reveal. Fig. 6 
illustrates the E and H lines of force of these modes in the 
transverse plane of the guide. 


Fig. 6.—Field of longitudinal-section waves. 
(a) Gee 
(b) EH,)\;-mode. 


Electric lines of force. 
—-—-—— Magnetic lines of force. 


In conclusion we may state that it is meaningless to talk of 
attenuation of metal guides when carrying, for example, an 
E-mode. A metal surface has a surface impedance given by 
eqn. (8), and consequently it follows from the foregoing analysis 
that a metal guide cannot support an E-mode of whatever order. 
For a similar reason it is equally inappropriate to talk of attenua- 
tion of metal guides when supporting higher-order H-modes. 

This study is not meant to be a challenge to the conventional 
method of evaluating the attenuation coefficient of a guide by 
the integration method as outlined in Section 2.1, but when the 
method is applied to modes other than Hy a misleading set of 
results is obtained. 

To complete our conclusions, consider a rectangular guide’ 
whose walls are perfect with the exception of the wall at y = 5, 
which has a uniform surface impedance Z}. 


E, 
HT 


ziv=b 


Thus | SZ, ae! 2 (47) 


Since the analysis for this case is similar to the one considered 
in eqn. (37) the details of the analysis will be omitted and only 
the results given. We find that, as before, there are two coupling 
coefficients, namely 


and 


eres ener 
J 
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The corresponding perturbation terms are 


hie (49) 
Stk ,)2 = (G2) UZ2) 
y 
A 1 k 7 
and ty) = b KoBo? i“ 
Lk 
d(y)2 = b aio? 
The only stable waves are 
(E, fs 9 Wes a = (Ff. n ate TE, m, Bo (51) 
and (EAy) mn, n = (7, mn og T>E, m, wie (52) 


Finally, consider a guide whose walls at x = 0 and y = 0 are 
perfect, but the walls at x = a and y = b have impedances Z, 
and Z, respectively. 

In this case we find not only that higher-order E- or H-modes 
cannot exist but that no linear combination of the modes (of the 
form E,,, + 7THm,,) can be made to travel down a uniform 
rectangular guide—whose two adjacent walls are imperfect— 
without change of form. In fact it is only the Ho,- and Hyo- 
modes that can propagate down a uniform and imperfect guide 
without change of form. 


(5) APPLICATION TO CIRCULAR GUIDES 
(5.1) Field Equations pertaining to Circular Waveguides 
(5.1.1) E-waves. 


E, = Ine) , » md) 
: ally. wll) ( ; mp) 


i8 my sin 
= a - Jy (ar Des a ) (53) 
a. athe m 
H, = — 72 7a, (lr af) * md) 
fe Bs my Salle) ; “nf 
(5.1.2) H-waves. ; 
= = Tl) ; mp) | 
E. = ae J mar 7 Oe ne) ) | 
Ea 5 dindlr 1 Ge  m@) (54) 
Oar Be cos 
H, = —'= 7 Salhr)( md ) 


Hy = abet J (Ar ee. 


mp) | 


In these expressions the coefficients / and kp have the following 
meanings (Fig. 7). For perfect guides: 


B= + B= Wy (55) 
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Fig. 7.—Cylindrical polar co-ordinate system. 


where the coefficient /ig is given for E-waves as the solution “7 
J,,(4os) = 0, and for H-waves as the solution of J/(4os) = 
and where s is the radius of the guide. 


For an imperfect guide the coefficients are given by ( 

k= — | 

y¥ = Yo + Sy =JBo + dy ’ 

by =a +j5B - } 

The surface impedance of the guide wall at r = s is ui 

E 

rts a = 2.0, z) =Z, a 

= axial impedance I 

E ay: - CD 
7. 

= circumferential impedance ; 


J 


(5.2) E-waves 


] 
Let the field of an E,, ,-wave inside a perfect guide be derived - ; 
from 


E, = J,,(hr) cos (m¢) . (58) 


Then, in the case of an imperfect guide the wall impedance ; 
will couple, in general, a certain amount of H-wave, which is — 
derived from | 


H, =7J,,(hr) sin (m¢) . (59) 
where 7 is the normalized coupling coefficient and h is given by 
eqn. (56) with Ag as the solution of ; 


Jn(tos) = 0 (60) 


In this case, substituting from eqns. (53) and (54) into eqn. (57), 
we get 


Jm(As) 


— Z, = Ss (61) 
= ii (hs) + ti 5 oe ) 
pew “J mAs) + oj by, (hs) 

Z, = (62) 


TJ (As) 


We now expand in Taylor’s series the Bessel functions occurring 
in eqns. (61) and (62) about the point Ags, and to the first order 
of quantities we get 


and Ji hs) ~ Ji(hos) (om 
On substituting eqn. (63) into eqns. (61) and (62) and neg- 
lecting higher-order quantities, we get 


Jn(hs) ~ sd(A)I/ (hos) } 


7 = om 7), - 


tks 


and d(h) = - Big ) (65) 
‘Thus Sy) = ; 2. (66) 


Consequently, separating real and imaginary parts, the attenua- 
‘tion coefficient, «, is given by 
re 
LArp 


67 
and the phase propagation coefficient, Bo, is altered by 
1A 
(8) = = 2X, 68 
O= 52%. (68) 


The coupling coefficient, 7, is small and tends to zero as 
|Z,| — 0, consequently all E-waves in a circular guide are stable. 
Further, since for all Ep-modes t = 0, we conclude that the 
purity of Ep-modes is unimpaired by the finite value of Z,. 

It is important to note that the performance of a circular guide 
is unaffected by the value of the circumferential impedance when 
small, and it is tempting to deduce that the propagation of 
'E-waves is unaffected by the circumferential impedance, however 
large. An analysis carried out to that end shows that this is 
‘indeed the case. 


(5.3) H-waves 


Let the field inside a perfect guide, when carrying an H,,,- 
mode, be derived from 


H, = Sm(Ar) cos (m¢) . (69) 


| Then, if the guide is imperfect the wall impedance will couple, 
‘in general, a certain amount of E-wave, which is derived from 


E, = 7J,,(hr) sin (md) . (70) 


_ In these expressions 7 is the normalized coupling coefficient 
and h is given by eqn. (56) with ho as the solution of 


J.(figs) = 0 (71) 


' Proceeding as before, from eqn. (57) on substitution of eqns. 
(53) and (54), we get 


| 


a a ey (72) 
ie Jn(hs) yi Sah) 
- Je mAs) " m 
and 26-55 Gs) RB 7 (73) 


The Bessel functions occurring in eqns. (72) and (73) are con- 
veniently expanded in Taylor’s series about the point ys, and to 
the first order of quantities we get 


J (hs) ~ Ja(hys)| (7) = 1 |s50m 


(74) 
Joy(h8) ~ Im(ioS) 
‘ With these approximations eqns. (72) and (73) furnish 
= = : 2 UZ) (75) 
‘ IZ, + IZ, | 
and d(A) = 1 oler2Q)S)] (76) 


5 ko 7 in) 
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ZP Zz. ; 
Thus Sy) = 7 Mig | gs a m) : is) (77) 
hos 


For a homogeneous and isotropic guide surface Z, = Z, = Z, 
and eqn. (77) leads to 


nol x ne Ao\? 
oy) +t ame St (y) 2 at 
Thus, in this case 
ss I dg mi? | No é B 
s ae =m" G) |x 3 (79) 


with a similar expression for 6(8) but with X, in place of R,. 

We observe that, although the propagation coefficients of an 
H,,,.-wave depend on both the circumferential and the axial 
components of surface impedance, the coupling coefficient 7 is 
proportional to Z, alone. Further, as can be seen from the 
above formulae, the propagation of an H),-mode is unaffected 
by the value of Z,,; in fact the purity of Hp,-modes is unimpaired 
by the introduction of imperfect walls. Although the propaga- 
tion of higher-order H-modes is influenced by Z, and Z,, these 
modes are stable. 


(6) APPLICATION TO RESONATORS 
(6.1) General 


Hitherto our attention has been focused on travelling waves; 
in particular we have been considering axial guided waves. By 
this we mean that the power as transmitted by the wave is 
carried principally in the axial direction, heretofore referred to as 
the z-direction and the assumed functional dependence was 
é—¥?, These waves can be conveniently denoted by E,, ,@ and 
Hynn,@» Where @ indicates that the wave is an axial wave. 

We now proceed to investigate standing waves of the form 
Bett and H,, m,n,1 2S met, for example, with cavity resonators. 
Here, as in the case of travelling waves, our field coefficients for 
a perfect cavity are related by 


kB=R+R=RB+hR . . . . 


When the cavity walls are imperfect, however, the relevant 
equation is 


k2=h? +k? . (80) 


where, owing to imperfect side walls (walls parallel to the axis 
of the cavity), the coefficient 1) becomes, as in the case of travelling 
waves, 

(81) 


Similarly, owing to imperfect cavity end-plates (walls per- 
pendicular to the axis of the cavity) the coefficient By becomes 


k, = Bo a dk, 
I 

Bo == (82) 
Consequently k is given by 

k=ky+ 6). (83) 
where obviously 

h 
5(k) = -25(h) + Posi) (84) 
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Now, since 
ky = WoV(Lo€o) i) (85) 
and k = wr/(pof0) = (9 + Sw)/(Hoe0) | 
We have that 
d(w) — Bo HK,) , 4 fo 5(h) _ sails 
Wo ko ko as ko A ee) ? ee) 


Thus, from the knowledge of 5(k,) and 6(h) for any given cavity 
we can calculate from eqn. (86) the bandwidth or the Q-factor, 
as well as the real shift of resonant frequency from that of a 
perfect cavity (wo). 

It is evident from eqn. (86) that, if we let wo be the resonant 
frequency of a perfect cavity and w, that of an imperfect cavity, 


then the quantity A, = © is a function of the real parts 


Wo 
of 5(k,) and d(A). The imaginary parts of 5(k,) and d(A) give 
rise to the quantity jA,, which has the following significance: 
The resonant frequencies of any system are given, as is well 
known, in terms of the Q-factor of the system by* 


» = ent ~ (59) | +5 


where wo is the resonant frequency of the same system in the 
absence of losses. If we assume that Q is a large number, the 
resonant frequencies will be adequately represented by 


(87) 


mo?) 
w = 0 +765 (88) 
and, as is well known, the half-power bandwidth of the resonator 
is equal to the reciprocal of Q. 
The comparison of eqns. (86) and (88) shows that 


—_ 


(Ny = - (bandwidth) 


= 


1 
200% 


(6.2) The Effect of Resonator End-Plate Impedance 


The quantity 6(h) as deduced in Section 5 for circular guides 
is applicable in this case. With rectangular guides 6(h) is 
the sum of 6(k,) and 6(k,) and is applicable in this case. The 
quantity d(k,) is yet, however, to be calculated as the perturba- 
tion effect of the resonator terminating plates. 

Imagine a cylindrical cavity of arbitrary shape and length L as 
shown in Fig. 8. Suppose now that the wall at z = 0 is perfect 


Zale 
z=O 


Fig. 8.—An arbitrary cylindrical cavity. 


and that the wall at z = L is characterized by a small surface 
impedance. The field components inside such a cavity (u and v 
are co-ordinates in the plane transverse to the axis of the guide) 
are: ’ 


* E.g. see Pipes, L. A.: “‘Applied Mathematics for Ute ot and Physicists” 
(McGraw-Hill Book Co., Inc., New York and London, 1946), p. 
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(a) E-waves. 


E, = f(u, v) cos Bz 


.) 9th? oe 
E.= ea os sin Bz 
ke Ofan \ 
= ee ; 
E, Ie, 30 sin Bz { (90) 
_ Jko of 
Tet ie, dv °° Z | 
<A ko of 
H, = He coop | 
(b) H-waves. 
H, =jf(u,») sin Bz | 
atk ea Z 
“Ben d0 
ae 
be eos sin Bz (91) 
_ JB of 
i= ey) cos Bz 
= JR oes 
HH, = Be, 3 cos Bz 


Consider the effect of a homogeneous and isotropic impedance Z,. 
In this case the boundary condition to be satisfied at z = L is 


E, E 
= 2, 
A |\z=1 / A, 


u 


(92) 
l 


In. the case of E,, ,, ;-waves (1 +0), if we let 7 be the coupling 
coefficient, from eqns. (90), (91) and (92) we get 


_ Bo Ko of 
hee, du "Re, ow cosk, al (93) 
ko of Bo df sin k, ka 
‘Re, du’ “he, 3 


If the wave is reasonably pure 7 will be small, and after 
approximating to trigonometric functions we get 


0 =7 90a 3) (94) 
Similarly, for a resonator excited in H-mode 
=7e 


The case of E,,,, o-modes i a little more attention. 
The propagation coefficients of this mode are related by 


=k 
k2 = h? + OK) (96) 


Therefore, if the surface is homogeneous and isotropic, we 
obtain from eqn. (93) 


and 


k 
2 2 Or 


(6.3) The Rectangular-Box Resonator 


Consider a cavity resonator as shown in Fig. 9. Let us deno 
the surface impedance at x = 0 and x =a by Z, and Z,, 
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Fig. 9.—Rectangular-box resonator. 


respectively, and let the surface impedance of other walls carry 
similar notation. If we assume that all surface impedances are 
homogeneous and isotropic, we get from eqn. (86) (for Hp-modes 
only) 


S(w) _ (ho dk, _, 8%k,) , By dk, ie 


Wo ko ko | 2ko ky ko 
Substituting from eqns. (24), (28) and (96), 
ae _ iP 2glg 1 
(A, + jA) = He. i Z..1) ot Koh“ | Z,v 
Bef Po\* 


Thus the real part of eqn. (99) gives the shift of resonant 
frequency, while the bandwidth of the cavity is given by twice 
‘the imaginary part of eqn. (99). It is thus evident that the reactive 
part of surface impedance is responsible for the change in 
resonant frequency, while the bandwidth of the cavity depends 
solely on the surface resistance of the cavity walls. More pre- 
cisely, inductive walls (positive X,) bring about a decrease in 
resonant frequency, while capacitive walls (negative X,) increase 
the resonant frequency of the cavity. Further, we note that, if 
X, = R, (a metal surface), the amount by which the resonant 
frequency of the cavity is decreased equals one-half the bandwidth. 

Tf all the cavity walls exhibit the same impedance, Z, = R, + jX,, 


1 Mein, OS aaa 2 (By? ] 
3 bandwidth ie rae ae mie) Jr, ~ 


: DG 
and. A, = : bandwidth x —* 
2 Re j 
In this particular case eqn. (100) yields the familiar expression 
for the Q-factor of a rectangular cavity, excited in the Hy, 1- 
mode, namely 


70-16) 2) +3 +6) @)]- 
where R, is given by eqn. (8). 


(6.4) The Circular Cylindrical Resonant Cavity 


Consider a cylindrical cavity, as shown in Fig. 8, whose 
periphery is the circular radius s. Let us denote the surface im- 
pedance of the curved surface by Z, and that of the surfaces at 
z=0 and z =/ by Z, 9 and Z,, respectively. Let us further 
assume these impedances to be homogeneous and isotropic. 
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Then, using eqn. (86) and eqns. (65) or (76) as the case may 


be, we get for E,, , ;-modes 
ile : ae Se eit Se) 
0 = bandwidth Al : + r ) nee 
ae (LO? 
At = 1 ie ais, X20 cu zt) 
ky\ s L J 
for /4 0, and 
1 : 27R Tg ae dk 
—_ =b = Maile Z,0 21) 
0 andwidth ral sr 
far GL O3) 
WN I G ae X20 a8 ta) 
: ko\ s 2L | 
ford —0; 
For Hy,n,1:-modes we get 
1 1 : in 
30 ~ 3 (bandwidth) = res 


5 \ko Cs ! ko iC 
\ re (esas 
| C3) | J 
(104) 


while A, is given by eqn. (104) with the corresponding reactive 
components of surface impedances in place of the resistive 
components. Here, the same observations apply as have been 
made in connéction with eqn. (99). 


hes Ps Bee ; 
9h (2) Ge) |. jy 


(7) SUMMARY OF MAIN CONCLUSIONS 


A complete analysis of imperfect guides in terms of the surface 
impedance of the guide wall has been carried out. Particular 
attention was given to the rectangular and circular guides, and 
it was shown that all E- and H-modes are stable in circular 
guides, but of all the modes that could exist in a perfect 
rectangular guide only Hp-modes are stable. 

General formulae were derived from which the propagation 
coefficients of imperfect guides for any small value of Z, can be 
calculated. In a similar manner the bandwidth, the Q-factor 
and the resonant frequency of imperfect cavities can be calculated 
using the formulae derived. 

The concept of surface impedance is useful not only where 
theoretical computations are involved; a design engineer equipped 
with a knowledge of a variety of impedance surfaces is greatly 
assisted by the method in the design of—for example—microwave 
components. Moreover, one can form a clear physical picture 
of many phenomena when using the impedance concept for a 
similar reason that one enjoys an understanding of circuit 
problems, provided, of course, that one becomes accustomed to 
thinking in terms of impedances. 
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(10) APPENDIX _ 


It has been shown‘ that in the case of vertical polarization, 


surface when coated with a thin layer (thickness f) of a dielectric 


(of dielectric constant = «,) is given by 


2p (e y 


when referred to the surface of the dielectric. 
when referred to the surface of the metal, this impedance is 


of) 


In the case of horizontal polarization it is easy to show by a 


the normalized surface impedance of a perfectly — 
. 
3 


(105) 


Consequently, - 


(106) 


i 


method similar to that illustrated in the Bs ia of Reference 4 — 


that 
Z, = = kot 


when referred to the plane of the dielectric. 


(107) 


Since this is the 


same as the impedance of a conducting surface coated with a — 


“thin layer of free space,” the impedance as given by eqn. (107), 
when referred to the plane of the conductor, is zero. 


DISCUSSION. ON 


“A GENERAL EXPERIMENTAL METHOD TO DETERMINE THE PROPERTIES OF 
ARTIFICIAL MEDIA AT CENTIMETRE WAVELENGTHS, APPLIED TO AN ARRAY 
OF PARALLEL METALLIC PLATES’™* 


Dr. J. B. Birks (communicated): The general theory of the 
reflection and transmission coefficients of an interface, of a 
symmetrical slab, and of a composite slab, which the author 
‘ derives, has been given previously.t The method employed 
was similar to that used by the author, but the impedance 
concept was also introduced to extend the theory to oblique 
incidence and to waveguide transmission. This publication was 
based on work I carried out from 1942 to 1945, and it precedes 
the paper by Lengyel (1951) to which the author refers. 

Dr. R. I. Primich (in reply): I am indebted to Dr. Birks for 
pointing out the reference to his work which had been missed. 
A careful study of the paper will show that the source reference 


* ee Ne I: Paper No. 1701 R, January, 1955 (see 102 B, p. . 26). 
+ Brrxs, J.B ‘Dielectric Housings for Centimetre-Wave Agtensaey > Journal 1.E.E., 
1946, 93, Bart TIA, p. 647. 


for the derivation of the slab formulae is Reference 20, which 
lists both Dr. Birks and Dr. Redheffer, but none of these individual 
reports was available to me at the time. Lengyel has simply 
applied the formulae in Reference 20 to the system of parallel 


plates, and these are the formulae I have used, with a very brief — 


outline of the derivation relegated to the Appendix. I have 


made no attempt to claim original derivation and I feel that a ~ 


careful examination of the paper will lead back to Reference 20. 

For application to artificial dielectrics the impedance concept 
can be misleading, and it has been very carefully and inten- 
tionally avoided, as indicated in the Introduction. The concept 
of complex transmission and reflection coefficients, which has 


been used in its stead, can include by definition the case of — 


oblique incidence (and hence, waveguide transmission). 


i = 


) 621.396.968.08 : 621.317.341 


SUMMARY 


A radar set has been used to investigate the propagation of 8-6mm 

_ fadiation through various types of weather. Measurements have been 
made of the attenuation caused by the precipitation particles and of 

the intensity of radiation scattered back. No attempt has been made 

_ to correlate the results obtained with drop-size distribution, but the 

results are plotted against precipitation rate. 

| The attenuation caused by rain and the intensity of radiation scattered 
back by rain agreed well with theoretical predictions. 

The echo intensity from fogs was too low to be detected, but the 
attenuation of a corner-reflector echo was measured in several fogs 
of different visibilities. While the results were of the same order as 
those predicted by theory, there was some variation, especially for fogs 
causing low visibility. 

' The attenuation caused by dry snow has not been measured, but 
moist snow produced attenuation two and half times greater than rain 
of similar precipitation rate. The echo intensity returned from the 
“radar bright band,’’ composed of melting snow, was 14-19dB more 
than the echo intensity from the dry snow above it, and 2-8dB more 
than the echo intensity from the rain below it. 


LIST OF SYMBOLS 
A = Equivalent echoing area of a corner reflector. 


C, C; = Constants. 
G = Gain of an.aerial over an isotropic radiator. 
h = Pulse length. 


M = Mean water content of a fog, g/m?. 
N = Number of drops per cubic centimetre. 
p = Precipitation rate, mm/h. 
P,, = Peak power received. 
P,, = Peak power received after attenuation. 
P,, = Peak power received from a corner reflector. 
P., = Peak power received from a scatterer. 
P,;,, = Peak power received from a shell of thickness dr and 
radius r@. 
P,,, = Peak power received from unit volume. 
P, = Peak power transmitted. 
r = Range of scatterer. 
R = Range of corner reflector. 
’ S =A scattering function (equals o/477). 
V = Visual range, ft. 
z = Attenuation per unit length. 
Z = Attenuation, dB/km. 
A = Wavelength. 
o = Equivalent echoing area. 
@ = Semi-angle of transmitted beam, measured to 3dB 
point. 


() INTRODUCTION 
At wavelengths below 1 cm the effect of precipitation particles 
on the propagation of electromagnetic radiation is serious com- 
pared with the effect at longer wavelengths. When radiation is 
incident upon a particle there is some absorption of energy by 
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the particle itself, and in addition, some of the incident energy is 
scattered. Both these effects produce attenuation of a beam of 
radiation traversing a cloud of particles. Some of the radiation 
is scattered backwards towards the source, and this produces the 
type of radar echo known as “‘rain clutter.” 

These effects have been discussed theoretically. by several 
authors, their results -being based mostly upon the theoretical 
computations of J. W. Ryde and D. Ryde, summarized in 
Reference 2. The magnitude of the effects is shown to depend 
upon the complex permittivity of the scatterer, the ratio of drop 
diameter to wavelength and the concentration of drops in the 
atmosphere. The permittivities chosen for water and ice were 
those determined by Saxton? for water and by Dunsmuir and 
Lamb? for ice. The numbers of raindrops per unit volume for 
various precipitation rates were calculated from the drop-size 
distributions of Laws and Parsons.5 In the present paper the 
theoretical curves shown in Figs. 1 and 2 are based upon the 
original work of J. W. Ryde and D. Ryde. 

In 1951 Saxton and Lane®7 published revised values for the 
permittivity of water. The differences between the new and 
earlier values are small at a wavelength of 8-6mm, and it was 
not thought worth while to undertake the lengthy computations 
necessary to correct Ryde’s scattering function NS. It is 
probable that the new values-:of NS will be at most 10% different 
from Ryde’s values. It is simple to use the new values to cal- 
culate the attenuation due to fog, and the curve shown in Fig. 3 
was drawn using the later values of permittivity. Visual range 
is related to attenuation, following the procedure outlined by 
Ryde. 

There have been several measurements of attenuation, and 
back scatter caused by rain,’-!! and although there is some 
uncertainty, none has indicated that Ryde’s theory is grossly in 
error. No measurements in the 8mm waveband appear to have 
been made, nor has the attenuation through fog been measured 
and reported. 

Some reports of measurements in snowstorms are available,!? 
and there have been measurements of the echo intensity from 
melting snowflakes forming the radar “bright band.”!:!3.!4 By 
considering the relative echo intensities from the regions above, 
below and in the bright band, the relation between the echo 
intensities from rain and from the snow producing it can be 
obtained. These observations tend to confirm Ryde’s theory. 
Present knowledge of the echoing properties of a snowflake, of 
diameter comparable with the wavelength, is so inadequate as 
to preclude an accurate comparison between the results given in 
the present paper and theory. 

In view of the uncertainty in some of the results published it 
was thought worth while to investigate the propagation of radia- 
tion in the 8mm band: 


(2) EQUIPMENT USED 
(2.1) Radar Equipment 


The investigation was carried out with a laboratory-built radar 
set using a pulsed magnetron as transmitting valve. Separate 
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transmitter and receiver aerials were mounted on a frame which 
could be rotated by hand in azimuth, and in elevation up to 
36° above the horizontal. Eighteen-inch-diameter metal search- 
light mirrors fed from waveguide horns were used as reflectors. 
The principal characteristics of the set are listed below. 


Wavelength 8-6mm. 

Transmitted peak power 15kW (nominal, not measured). 

Pulse length .. 0-15 microsec. 

Beam width 1° 30’ (measured between 3dB power 
points). 

Polarization Circular. 


The signals were displayed on a range tube with a time-base of 
6, 12 or 24 miles. 

An r.f. attenuator, calibrated against a precision piston-type 
attenuator, was placed in the waveguide between the receiver 
horn and the input to the head amplifier. The display was 
calibrated using this attenuator and the echo from a corner 
reflector. The attenuator was also used in assessing signal 
strength, sufficient attenuation being inserted to bring the signal 
to some predetermined level. 

The radar set was housed in a hut 20 ft above falling ground, 
giving it an uninterrupted path of about 10 miles. 


(2.2) Rain Gauges 


Two Mark 2 Bibby recorders and gauges were used to measure 
the precipitation rate at the radar site and at a site 1-75 miles 
distant, the instruments recording the amount of rain falling in 
each 1 min interval. The recorders, being separate from the 
collecting funnels and connected to them by land lines, were 
placed side by side in the same room as the radar set. Since 
each recorder drum was driven by a synchronous motor, time 
synchronization of precipitation-rate reading and radar-echo 
intensity could be made accurately. 


(2.3) Corner Reflector 


A corner reflector, mounted on a tower 65 ft above ground level 
8:27 miles from the radar set, was used as a standard target. 
It was made to such tolerances that the equivalent echoing area 
of the reflector was within 4 dB of the theoretical at a wavelength 
of 3mm. _ It had sides 70-4cm long and an equivalent echoing 
area of 1:41 x 104m? at the wavelength used. The signal 
returned from this reflector was used to evaluate the echo 
intensity returned from rain and the attenuation through fogs. 
There was an optically clear path between the reflector and the 
radar set. The effective height above the immediately surround- 
ing terrain was such that contributions to the reflector echo 
intensity due to an indirect path were negligible. 


(3) PROPAGATION THROUGH RAIN 
(3.1) Theory of Scattering by Raindrops 


The intensity of radiation scattered back from rain may be 
calculated from the theoretical equation for the power, P,,, 
returned to the radar receiver by a scatterer of equivalent echoing 
area o, as 

G?)2a 


dma” 


it 


7 a (1) 
The power returned from one raindrop of equivalent echoing 

area, o, is obtained from Ryde’s scattering function S, which by 

definition equals o/47. If there are N drops of equal radius 

per unit volume, the power returned by unit volume of the beam, 

P,,, is given by 

t 


22, 
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Rain is not composed of drops of equal radius, but by consider- 
ing drop-size distributions a mean value, NS, for the scattering 
function per unit volume may be obtained. 

All drops at range r in a spherical shell of thickness dr return 
radiation to the radar aerial if they lie within the beam of semi- 
angle 6. The volume of this portion of ‘the shell is ar226r,. 
provided that @ is small—a condition fulfilled in the equipment 
used. Hence the power returned by drops within the shell P,., 
is given by 


P,G?X2NS028r 


hi 167r2 


rsh — (3) 
The echoes returned by all drops within one-half the pulse volume 
will be indicated as though they were returned from drops at 
one range. Hence, if / is the pulse length, the power returned 
to the radar set during one pulse length is 


h 


be pon 
“dr P,G2)2NSO7h 
r2 
h 


“= TY 
a 16m (20? — =) 
For one radar set, P,G?A26?h/327 is a constant, C, and h?/8 can 
usually be neglected compared with 22. 


ae P,G?\2NS0? 


f 1677 4) 


Hence (5) 
If the atmospheric and rain attenuation is z per unit length, 
the attenuated power returned, P_,, is given by 


NS 


Je = Coe 2a 


ra 


(3.2) Measurements of Attenuation in Rain 
The attenuation caused by rain was calculated by measuring 
the echo intensity returned from the rain at different ranges at 
quarter-mile intervals up to 2 miles, and at half-mile intervals 
beyond this. From eqn. (6) it can be seen that 


10 log (P,,r2) = 10 log CNS — 20zr log ¢ (7) 


Thus if 10 log (P,,r?) is plotted against r, a straight-line curve 
should result for rain of uniform precipitation rate. The gradient 
of the line is the attenuation in decibels per unit radar range, or 
twice the attenuation per unit range for one-way transmission. 
The attenuation thus obtained includes the atmospheric attenua- 
tion, taken as 0:096dB/km at 10°C, due to oxygen and 
water vapour. Values of 0-02dB/km for the former!5 and of 
0-008 dB/km/g/m? for the latter!® are assumed, the atmosphere 
being considered to be saturated with water vapour at 10°C. 
Errors due to these assumptions are estimated at less than 
0-03 dB/km, and are probably 0-01 dB/km. 

To measure echo intensity the aerials were elevated 3° above 
the horizontal, in order to ensure that all the beam was clear of 
the ground. Greater angles of elevation are undesirable, as the 
beam may enter the bright band. The rain echo was examined 
on the range display, and was usually visible between the ground 
ray and a range of 6 miles or less, depending upon the precipita- 
tion rate. If the echo intensity changed with range in a non- 
uniform manner, no attempt was made to take readings. Since 
this was so on about 90% of all occasions when rain was falling, 
many erroneous results were avoided. 

When the results were plotted it was sometimes found that the 


_ points did not approximate to a straight line, presumably because 


the precipitation rate changed with range or with time. (A 


4) 


a ae ee a oe 
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time of up to 3 min was necessary to complete a set of readings.) 
These results were rejected. , 

| If the precipitation rate had been changing exponentially with 
‘range, the points still would have been on a straight line, but the 
jrain gauges at 0 and 1? miles range would have read differently. 
If therewas reason to suspect that this wasso, the results were again 
‘rejected. It was found that when the precipitation rate was less 
jthan 1mm/h the attenuation was so small that errors in the 
‘readings became comparable with the change in readings. due to 
attenuation; therefore no results were used when the precipitation 
irate was less than this. 

Sixty-five sets of readings were plotted for precipitation rates 
jof 1mm/h or more. After some had been rejected for the 
jreasons outlined above, 51 values of attenuation from 16 storms 
jwere accepted and are shown in Fig. 1. Ryde’s theoretical 
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Fig. 1.—Attenuation of 8-6 mm wavelength radiation produced by rain. 


curve of attenuation at 10°C plotted against precipitation rate is 
also shown, and it can be seen that the results are in good agree- 
ment with this. The best straight line through the experimental 
points was computed by the method of least squares and found 
to give the relationship between attenuation and precipitation rate 


Z =0:°26p — 0:02 


In Fig. 1 this would be indistinguishable from the line repre- 
senting Ryde’s predictions, given approximately by 


Zo) 26) 


This method of measuring the attenuation due to rain possesses 
some advantages over other methods, but has limitations. The 
chief advantage is that, by careful inspection of results, all 
observations made in non-uniform rain can be rejected without 
resorting to an excessive number of rain gauges. No careful 
monitoring of set performance is needed; it is essential only that 
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great that the rain echo would be attenuated too much to provide 
more than a few reliable readings. At such rates it would be 
better to measure the absorption over a short path length between 
a separate transmitter and receiver. 


(3.3) Measurements of Echo Intensity from Rain 


The power returned by rain at a range r is given by eqn. (4), 
which is 


‘pte P,G?72NS07h_ __ P,G2>NSO7h 
Pet PEO TET RENE ME aha Ve a 
16n( 27? = =) il 


when h <r. The power, P,., returned from a corner reflector 
of echoing area A at a range R is given by 
ee P,G?A2A 
re “ (47)3R4 
P. _ P,G2\2NS607h ,P,G2A2A 
Hence = 
Pe 32ar2 (477)3.R4 
202NSO7hR4 
ao a 


Thus, with a knowledge of the appropriate values of NS and 
the set parameters 0 and A, it is possible to compare theoretically 


SIGNAL POWER, dB ABOVE ARBITRARY LEVEL 


100 


1 10 
PRECIPITATION RATE, mm/h 


Fig. 2.—8:6mm wavelength echo intensity from rain. 


the echo intensities expected from rain at range r and a reflector 
at range R. The theoretical curve shown in Fig. 2 was drawn 


using Ryde’s values for NS, which are included here in Table 1. 


Table 1 
Rype’s VALUES OF NS X 108 AT A WAVELENGTH OF 8°6MM 


Precipitation rate, mm/h 
NS x 108 ~. 


the set performance should remain constant during the 3 min 
necessary to complete one set of readings. The method is 
applicable only to millimetre wavelengths, since both the attenua- 
tion and back scatter at longer wavelengths are too small. It 
has already been noted that values are unreliable for precipitation 
rates of less than 1mm/h. It is estimated that the attenuation 
in rain of precipitation rate higher than 15mm/h would be so 


5 Peas) 25 50 
‘0 3-2 x 10 6:8 x 10 1-25 x 102 


Fig. 2 compares the points obtained experimentally with this 
theoretical curve. 

Readings of signal intensity received from a range of 1¢ miles 
were taken from the observations made during attenuation 
measurements. The beam of radiation had been placed so that 
it was above the rain gauge at a range of 1# miles from the radar 
set, and the precipitation rate recorded by this gauge was used 


712 


in the calculation of echo intensity. The radiation returned from 
rain was attenuated by the rain and the atmosphere, and the 
reading of echo intensity was corrected for 2-way. attenuation, 
computed from the attenuation curve. 

The echo intensity from the corner reflector was measured as 
soon as there was.no rain along the path. At times several hours 
elapsed before this condition was fulfilled, and since the set 
performance may have altered somewhat, no readings of echo 
intensity are included for those days. A correction had to be 
applied to the corner-reflector reading to allow for atmospheric 
attenuation, and the six-hourly readings of dewpoint at Ross-on- 
Wye were used to calculate water-vapour absorption. These 
may have differed from the readings at Malvern by up to 2°F, 
but the possible error in the correction was small. 

When the echo intensity from rain was measured, the r.f. 
attenuator was inserted until the signal was reduced to a pre- 
determined level. The height of the rain echo was taken to be 
the maximum height reached by the echo spikes, about 5% of 
the taller spikes being ignored. This may be termed the “95% 
peak”’ level, and is above the r.m.s. level of echo intensity which 
should have been read. The corner-reflector echo, being steady, 
had a peak value very close to its r.m.s. value. It has been stated 
by Goldstein!7 that precipitation echoes have the characteristics 
of echoes from random scatterers, and the amplitude of the 
voltage vector at any instant in time follows a Rayleigh distribu- 
tion. From this it can be shown that the signal level which is 
exceeded 5% of the time is 4-8 dB above the r.m.s. level. Thus 
a correction of 4:8dB was applied to the readings of echo 
intensity to obtain the r.m.s. values, which were then comparable 
with the corner-reflector echo intensity. Since there was no 
accurate means of assessing whether exactly 5% of the spikes 
were ignored, some uncertainty exists about the value of this 
correction. It is felt that at least 2% and at most 10% of the 
spikes were ignored, and the limits of the correction are therefore 
5-9dB and 3:6dB. Thus a maximum error of 1-2 dB may have 
been introduced into the réadings by assuming a correction of 
4-8 dB. 

Examination of Fig. 2 shows that there is appreciable scatter 
in the results. It is to be expected that the echo intensities will 
display more scatter than the attenuation results, since the 
radiation scattered back by rain is more dependent on the drop- 
size distribution, differing from one rainstorm to another. The 


results were obtained on six different occasions between October, . 


1952, and February, 1953. There were many fewer readings of 
echo intensity than attenuation, because the corner reflector was 
not in position when the work began. It can be seen that the 


results are in good agreement with Ryde’s theoretical curve, and " 


a line drawn through the points lies about 1dB below Ryde’s 
curve. This discrepancy is within the limit of experimental 
uncertainty, which is about 24. dB. 


(4) ATTENUATION IN FOGS 

The attenuation of a beam of radiation passing through fog is 
of the same nature as that caused by rain, but the energy removed 
from the beam by scattering is proportionately much smaller, 
owing to the small drop size. The calculation of the attenuation 
through fogs is simpler than that through rain, since the drop 
size is such that the drop diameter can always be considered 
small compared with the wavelength at the frequency used. 

In the calculation of the theoretical curve the treatment of 
Ryde? has been followed. The relationship between visual range 
and water content is taken directly from this work, which in 
turn is derived from a paper by Houghton and Radford,!8 who 
measured the drop-size distribution in fogs. Ryde concludes 
that for any given visual range the water content will be between 
4 and 2 times the mean water content for that visual range on 
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95% of all occasions. The relation between M, the mean wa’ 
content, and V, the visual range, is given by 


M = 1660V —!-43 
Ryde shows that the attenuation is 


=e decibels per kilometre . 


C, is a constant for one wavelength and is derived from the 
complex permittivity of water. Using Saxton’s later data, 
a value of 0-143 has been calculated for C, at 20°C at the wav 
length used, and the theoretical curve has been drawn using 
this value. C, changes rapidly with temperature, and at 0°C 
the attenuation in a fog is 1-62 times that at 20°C in a fog of 
the same water content. The theoretical temperature-correction 
factor was applied to the experimental results to make them 
equivalent to attenuation at 20°C. Thus any error in the 
theoretical variation of attenuation with temperature is include 
in the results. \ 

The attenuation due to fog was measured by observing th 
variation of the corner-reflector response with visibility. The 
performance of the set was assessed by measuring the reflector 
response when the visibility had increased to beyond 6000ft, 
and the fog caused negligible attenuation. The atmospheric 
attenuation at the time of each observation was calculated 
assuming the atmosphere to be saturated with water vapour 
while fog persisted. The results are presented in Fig. 3, where 
attenuation is plotted against visibility. 


ATTENUATION, dB/km 


10 104 
VISIBILITY, ft 
Fig. 3.—Attenuation of 8-6mm wavelength radiation in fogs. 


OO Temperature below 0°C. 
x xX Temperature above 0°C. 


Visibility was measured at the transmitter and a point near to 
the reflector. It was assessed by measuring the distance from 
the observer to the farthest visible large object, all measurements 
being made in daylight. Although this is the usual method of 
measuring visibility the results are not necessarily accurate. They 
depend upon the colour, size and background of the object, and 
upon the intensity and direction of the illuminating light. The 
two assessments of visibility often disagreed by a factor of up to 
2, the value accepted being the mean of the two readings. It is 
certain that over the 8-mile path to the reflector there was con- 


siderable variation of visibility on most occasions, producing a 
broad scatter of results. 

| At visibilities less than 500ft the measured attenuation was 
‘less than the theoretical. The fogs causing low visibility usually 
occurred at temperatures below 0°C. Although supercooled 
jwater can exist well below the lowest temperature observed 
\(—4° ©), it is possible that some of the fog particles were ice 
crystals, which were observed visually on one occasion. The 
attenuation caused by an ice crystal would be less than that of a 
jwater particle. of similar size. Other possible reasons for the 
\discrepancy between practical results and theory are (a) an 
‘incorrect empirical relationship between visibility and the water 
jcontent of fogs, (b) errors in the measurement of visibility, 
\(O errors in the temperature correction, and (d) the assumption 
| of a saturated atmosphere may not be valid for fogs of low water 
‘content. 


(5) PROPAGATION THROUGH SNOW 


When the ground temperature is near or below the freezing 
‘point, precipitation usually reaches the ground in the form of 
‘snow. On these occasions propagation through snow can be 
studied in the same manner as propagation through rain at higher 
temperatures. Such occasions are rare, and during the period of 
observation no snow fell with the ground temperature below 
freezing point. When the ground temperature is well above 
freezing point and rain is falling, some information of the echo 
intensity received from snow can be obtained by elevating the 
beam of radiation until it passes through the snow near or above 
the freezing level. With this method the echo intensity from 
the melting band was found to be between 14 and 19dB greater 
than the echo intensity from dry snow at the same range. The 
melting-band echo intensity was greater than that from rain by 
between 2 and 8dB. As the dry snowflakes fell towards the 
freezing level the echo intensity often increased, presumably due 
to coalescence of crystals to form large flakes. The echo intensity 
expected from moist or dry snow at various precipitation rates 
can thus be estimated from Fig. 2, in which echo intensity from 
rain is plotted against precipitation rate. 

The chief disadvantage of this type of observation is that only 
precipitation rate can be measured easily. Nothing is known of 
the type of snowflake, which is readily observed only when the 
‘snow is reaching the ground. When the ground temperature is 
well below freezing point the intensity of echo returned by 
the snow does not change with height, and so attenuation is 
measurable by the same method as attenuation caused by rain. 
When the ground temperature is near freezing point the echo 
intensity changes rapidly with height and the method is not 
applicable, since the beam must be elevated slightly above 
horizontal to avoid ground echoes. In four very uniform snow- 
storms with ground temperature between 0-4°C and 1-2°C, 
readings of signal intensity from the corner reflector were noted. 
By comparing these with the signal intensity received when no 
snow was present, assessments of attenuation through wet snow 
were made. Fig. 4 shows attenuation plotted against precipita- 
tion rate, although these readings are not as reliable as the rain- 
attenuation readings. The broken line is drawn through the 
points, ignoring the two very high readings of attenuation. These 
two points were obtained when the corner-reflector echo suffered 
some 30dB of attenuation for about 5min, while both rain 
gauges read 0-7 mm/h during and after this period. It is thought 
that the high attenuation was caused by an intense portion of the 
shower passing between the radar set and the corner reflector, 
but missing the gauges. 

Comparison between Figs. 1 and 4 shows that moist snow pro- 
duces attenuation about 24 times as great as that caused by rain 
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Fig. 4.—Attenuation of 8-6mm wavelength radiation through 
moist snow. 


of similar precipitation rate. It should not be forgotten that, 
owing to the change of fall velocities, the concentration of particles 
in the melting band is about five times as great as in the rain 
region below. From. these few observations one would conclude 
that a single moist snowflake produces only about one-half the 
attenuation it will produce after it has turned to a raindrop. 


(6) CONCLUSIONS 


The experimental values of attenuation through, and intensity 
of radiation scattered back by, rain, snow and fog have been 
compared with the theoretical predictions of Ryde. The results 
obtained in rainstorms are in good agreement with Ryde and can 
be considered to be reliable. The measurements of attenuation in 
fogs are less satisfactory, but give values of the same order as 
those predicted by Ryde. A few observations of snow have been 
made, but owing to the many possible variations in the form of 
snowflakes it has not been possible to check Ryde’s theory with 
any certainty. The echo intensity from snow is of the correct 
order, and the attenuation measured in most snow is about 
24 times that produced by rain of similar precipitation rate. It 
should be remembered that the concentration of these particles 
is greater than that of the drops which results from complete 
melting. 
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DISCUSSION ON 
‘SUBMERGED TELEPHONE REPEATERS FOR SHALLOW WATER’’* 


AND 


“THE BRITISH POST OFFICE STANDARD SUBMERGED-REPEATER SYSTEM FOR 
SHALLOW-WATER CABLES, WITH SPECIAL MENTION OF THE ENGLAND- 
NETHERLANDS SYSTEM?’’+ 


NORTH-EASTERN RADIO AND MEASUREMENTS GROUP, AT NEWCASTLE UPON TYNE, 
1ST NOVEMBER, 1954 


SOUTH-WESTERN SUB-CENTRE, AT TORQUAY, 17TH FEBRUARY, 1955 


Mr. A. E. Twycross (at Newcastle upon Tyne): There are 240 
components and valves per repeater, which rises to a figure of 
some 10000 components and 400 valves in the transatlantic cable. 
This indicates the remarkable confidence now placed in these 
items, and reflects the detailed study given to the actual make- 
up of each repeater. “ 

Valves of long life, however, are not exactly new, since some 
of the earlier land repeater-station valves have given 20-25 years 
of service with negligible degradation, but, of course, it is 
realized that these were of very low gain and high current con- 
sumption compared with present-day standards. 

The repeater capacitance of 6 uF, and 3 uF per repeater section, 
would indicate a total capacitance of about 90,F for 200 

* Hatsey, R. J., and Wricut, F. C.: Paper No: 1633, February, 1954 (see 10}, 
Part I, p. 167). 


+ WALKeR, D. C., and Tuomas, J. F. P.: Paper No. 1634, February, 1954 (see 101, 
Part I, p. 190). This paper was not read before the South-Western Sub-Centre. 


nautical miles. It seems most fortunate that a series resistor is 
necessary in each repeater to develop the necessary operating 
power, thus helping to slow down current surges when switching 
on or off. 

Presumably the constant-current feed device tends to over- 
come any difference of earth potential arising from magnetic 
storms, etc. 

The coaxial cable provides a path for the power supply and 
permits the use of an a.f. circuit, presumably unamplified. It 
would be interesting to know whether there are any: peculiarities 
in speech reception over the a.f. path, such as noise, etc. I 
recently had an opportunity of observing an oscilloscope con- 
nected to one of the Scandinavian telegraph cables, and although 
the cable was quiescent at the time, the oscilloscope indicated 
much electrical activity at a very low level. 

I should be interested to know the actual nature of the non- 
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inear device, giving a double frequency, fitted to the repeaters 
‘or testing purposes. 

It is noted that the dielectric loss was five times that expected 
rom pure polythene, owing to a tape lapping under the outer 
onductor. Is there any particular reason for the provision of 
this tape lapping? 
| Mr. H.M.S. Smith (at Newcastle upon Tyne): Mention has been 
made of the formation of the filiform growths on metal surfaces, 
and I should be glad if the authors could elaborate on this. I 
lhave had experience of such growths on silver, but have not 
‘ascertained the cause—or the cure. 
| The authors have stated that plastic condensers have not yet 
jproved to be superior to paper types, and that for his purposes 
he prefers to use the latter. Tests which I have made of poly- 
styrene condensers of British manufacture have shown them to 
be considerably more reliable than the equivalent paper types, 
and I should be interested to know the particular properties of 
plastic condensers which the authors suspect. Their reference 
to the failure of mica condensers with polarizing voltage was 
most interesting, and I should like them to elaborate on this. 
| The detection of a failure in one of a pair of parallel amplifiers 
is obviously desirable. Has any extension of this technique 
provided detection of failure in components in series or parallel 
connection? 

_ Considerable precautions are taken to ensure that earth-return 
currents of appreciable magnitude do not flow in the sheath, 
and I note the distance of the earth electrodes from the cable. 
What would be the effect of submarine power transmission if the 
power electrodes and cable were reasonably near the telephone 
cable? Such conditions, presumably, apply in the Baltic Sea 
area. 

Mr. J. E. Morley (at Torquay): I am familiar with the local 
problems arising from the maintenance of the Dartmouth— 
Guernsey system, which contains three repeaters in each cable, 
and I appreciate the problems facing the designer. 

| Why was it decided to use 0:62in-diameter dielectric when, 
say, 0:935in dielectric with a lower attenuation would have 
enabled repeaters to be dispensed with or, alternatively, would 
have provided more circuits—advantages which would perhaps 
outweigh the increased cost of the larger cable? 

With reference to Section 3.2, a case can be made out for a 
different power-feeding arrangement, since the life of the present 
low-power transmitting valves CV1630 is 3-4 months only and 
the power supply must be interrupted before switching in the 
standby feeding cubicle, when the surges might be harmful to 
the life of the repeaters. Over one system and in one direction 
(Dartmouth—Guernsey) the repeaters had deteriorated by 1dB 
per repeater, but not in the reverse direction. Could some form 
of germanium power rectifier be used? This type is now in 
use elsewhere, and the load required would not be more than 
2kW at 800 volts. 

Could not twists get into shallow-water cables? If the repeater 
were allowed to “roll’’ these kinks would come out, but it is the 
intention to allow the repeater casing to remain rigid on the 
sea bed. 

It has been stated that usually the components and not the 
valves fail, and yet it was recorded that the failure of more than 
one capacitor was due to damage in proof testing. Does this 
indicate too-stringent proof testing? 

Messrs. R. J. Halsey, F. C. Wright, D. C. Walker, and J. F. P. 
Thomas (in reply): In reply to Mr. Twycross, the constant-current 
power supply does overcome the potential differences due to 
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earth currents, but shallow-water systems are usually short in 
length and these potential differences are small compared with 
the power-unit e.m.f. However, on longer systems (e.g. trans- 
atlantic) they are important, and the power units must be capable 
of regulating over a wider range of line voltage. No trouble 
from magnetic storms has so far been experienced by the British 
Post Office on a.f. circuits, not even on the Lowestoft-Borkum 
route which is in a similar geographical position to the Scan- 
dinavian telegraph cables quoted. The non-linear device for 
frequency doubling contains germanium-crystal diodes—see 
Section 3.9 of the paper by Roche and Roe.* Polythene cables 
with extra insulating-tape lapping are now obsolete, but it was 
presumably originally added to reduce the risk of damage to the 
polythene by the outer conductor tapes. 

The filamentary growths referred to on metal surfaces are of 
pure metal, and tin is one of the worst offenders; Mr. Smith is 
referred to Reference 18 of the paper by Halsey and Wright for 
further details. However, metallic growths on silver usually 
occur only in the presence of an electric field, but very often 
atmospheric conditions induce growth of insulating filaments 
of a silver salt (e.g. silver sulphide). It is realized that plastic 
capacitors are now extremely reliable, but being relatively new, 
they have not the proven integrity of paper capacitors for the 
long life required of submerged repeaters. The liability of mica 
capacitors to fail under polarization has been known for some 
time, but the mechanism of failure is still not yet understood— 
it is probably caused by foreign material in the mica stack or 
within the mica itself. 

In answer to Mr. Morley’s question on the Dartmouth-— 
Guernsey system, the repeaters were inserted in existing 0:62in 
paragutta cables; even if new cables had had to be laid, a larger 
cable capable of providing 60 circuits without repeaters would 
have proved a more expensive scheme on capital costs. With 
regard to his comments on the power supplies, the CV1630 
valve is the constant-current control valve and not a rectifier; 
there would be little advantage in replacing the present metal 
rectifiers with a modern germanium type, since a relatively low 
efficiency is inherent in a stabilized power unit. Experience has 
shown that the life of CV1630 valves is of the order of a year, 
and not 3-4 months as stated by Mr. Morley, and so interrup- 
tions of the power supply are infrequent. It is appreciated that 
it is desirable not to subject repeaters to power switching surges, 
but this is necessary for testing purposes, and there is no evidence 
to prove that the repeater life is affected. The “deterioration” 
referred to by Mr. Morley has not been confirmed, and the order 
of the change quoted could well be accounted for by seasonal 
temperature variations which, of course, are more apparent in 
the high-frequency band. 

The anti-rolling plates were put on repeaters to cover cases 
where they might be laid on an inclined sea bed. Omission 
would not prevent twists in the cable, and no such trouble 
has been experienced when the repeaters have been carefully 
laid. 

The amount of testing on components is a difficult problem, 
since the extra handling and testing may affect their life. It is 
agreed that proof testing of capacitors, for example, can be 
dangerous, but a low-voltage test for a short period is useless in 
eliminating the defective capacitors. Ionization tests are not 
always practical, and when applicable, the results are often 
misleading. ; 


* Rocue, A. H., and Rok, F. O.: “The Netherlands-Denmark Submerged-Repeater 
System,” Proceedings I.E.E., Paper No. 1635, February, 1954 (101, Part I, p. 180). 


; DISCUSSION ON 
**A SHORT MODERN REVIEW OF FUNDAMENTAL ELECTROMAGNETIC THEORY” 


MERSEY AND NORTH WALES CENTRE, AT LIVERPOOL, 29TH NOVEMBER, 1954 
NORTH-EASTERN RADIO AND MEASUREMENTS GROUP, AT NEWCASTLE UPON TYNE, 
21ST MARCH, 1955 


Mr. J. E. Macfarlane (at Liverpool): If a simple loop is rotated 
at a uniform speed in a uniform magnetic field and the circuit 
is complete, a current will flow. This early introduction to 
electromagnetic theory is best considered as change of flux 
linkages, the loop being ‘“‘filled’’ twice and ‘‘emptied” twice in 
one revolution, i.e. four changes. 

Another early demonstration is to plunge a permanent magnet 
into a solenoid coil connected to a galvanometer. Then, by the 
principle of work done, the direction of the galvanometer 
deflection can be both deduced and demonstrated. The demon- 
stration should then be repeated with an electromagnet replacing 
the permanent magnet, both without and with an ironcore. The 
flux-cutting idea should not be introduced until after these 
experiments. 

M.K.S. units will eventually make things easier for the students. 
We found last session that a class of civil engineers taking S2 
Electrical Engineering Science for the first time accepted these 
units, and the examination results were satisfactory; but as this 
is the first session during which M.K.S. units will be in use 
throughout Liverpool technical colleges, a few years’ experience 
will be needed to show the overall effect. 

Mr. D. Chalmers (at Liverpool): Until the introduction of 
M.K.S. units my starting point when teaching electromagnetic 
theory was to use the expression for the force between two 
magnetic poles, F = mm /ud? dynes, in C.G.S. units. From 
this expression 4 can be more or less determined and a whole 
system of magnetic and electrical units constructed. 

Since the suggested use of the M.K.S. system I have modified 
the teaching sequence; for example, it is possible to shaw 
parallel concepts in the conduction, magnetic and electrostatic 
circuits as follow: 


Conduction circuit-——Current density = conductivity x voltage 


‘gradient. 

Magnetic circuit—Magnetic flux density = permeability x mag- 
netizing force. 

Electric flux density —Permittivity x electric field intensity. 


The three circuits have three analogous quantities: (a) current 
density, magnetic flux density and electric flux density, which 
can be regarded as the effect; (6) conductivity, permeability and 
permittivity, regarded as the associated material constants; 
(c) voltage gradient, magnetizing force and electric field intensity, 
regarded as the cause. Admitting that there are in the magnetic 
and electrostatic cases two unknown quantities, permeability 
and permittivity, a rational system of units can then be estab- 
lished using the M.K.S, system. 

From my teaching experience the M.K.S. system has been 
favourably accepted by students, although in first- and second- 
year students in technical colleges the appreciation of the 
absolute permeability of 49 = 47 x 10-7 Wb/m? per AT/m is 
somewhat vague. 

Mr. E. D. Taylor (at Newcastle upon Tyne): There will be little 


* HAMMOND, P.: Proceedings I.E.E., Paper No. 1598, December, 1953 (see 191, 
Part I, p. 147). 


opposition to the proposal that the electrical engineering senda 
should be given a logical presentation of the fundamentals o 

electromagnetism; indeed, if he is worth) his salt he should, 
demand it for himself and will choose the presentation that 
seems the most satisfactory. Another person to whom the 
presentation is important is the man in industry who has to 
solve individual electromagnetic problems, perhaps for design 
purposes or for explaining phenomena. His needs are not 
merely a logical presentation, but practice in applying and 
thinking around the basic equations, not in the sense of mathe- 
matical analysis, but in the sense of understanding what are 
assumptions, what are deductions, what are experimental data 
and what are merely convenient ways of looking at things, such 
as, for example, Fig. 1 and its explanation. I suggest that more 
could be done in setting students some of the problems that are 
illustrated in Figs. 4, 5, 6 and 9. Besides these, there are other 
simpler and more common ones in shielding, short-circuited 
turns and so on which require considerable clarity of thought. 

It is questionable whether the paper really displays a com- 
pletely logical sequence of clear thought; for example, in the 
ready acceptance of the vectors B and D in eqns. (9) and (10) 
and rejection of vector A in eqn. (15), particularly since vector 
potential is such a powerful tool in later work besides helping to” 
avoid much of the confusion met with by the statement of 
Neumann’s law. Similarly, a mind which appreciates the 
symmetry of equations will surely ask the question that leads 
to A, namely: “B being a vector, of what could it be the 
derivative?” Again, current elements are not favoured as being 
unrealizable, although there is ready acceptance of Fig. 1(0), 
which is equally unrealizable. 

With respect to the symmetry of the equations, mathematical 
symmetry is, after all, a subtle point. It certainly has to be 
forced on the equations with the need for magnetic conduction- 
current density (= 0). Asymmetry itself is valuable in drawing 
attention. Here it makes us pay attention to the first and 
simplest electromagnetic observation, namely that the magnetic 
field, unlike the electric field, has zero divergence, ie. when the 
magnetic field is due to currents, there are no sources of magnetic 
flux which correspond to electric charges as sources of electric 
flux. In any case, the equations are really no easier to remember, 
and the need for displacement current, if not all the reasoning 
leading up to it, is clear by trying to omit it from mee (38); 
div. 7 is then zero, which is absurd. 

Mr. G. H. Hickling (at Newcastle upon Tyne): The Faradail 
disc experiment, and the variations on this of the rotating 
magnet generator and the homopolar motor, serve to illustrate. 
circumstances in which only the flux-cutting rule for the genera- 
tion of e.m.f. (and the inverse effect in the last example) is 
applicable. The more important deduction to be drawn from 
these experimental demonstrations, however, concerns the 
manner in which the electric circuit and the magnetic field must 
be defined in applying these rules.. In each of these instances the 
geometrical form and position of the electric circuit is kept 
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fixed, as is the path in which the current flows; but in each instance 
a part of the metallic conductor comprising the circuit is in 


| motion in the field, carrying with it the charges on which the 
| electromagnetic forces consequently act. 


A further familiar 
example of this is the eddy-current disc in the induction watt-hour 


| meter. 


' Equally significant is the deduction that the magnetic field 
due to the bar magnet rotating about its axis remains at rest, 
even inside the magnet itself. The view to be taken here, evi- 
dently, is that the field is a mass effect due to many molecular 


| magnets (or electron spins) and remains unaffected so long as 


the distribution of these in the region considered is not dis- 


| turbed. 


Concerning the general thesis of the paper, I would fully 
concur with the author’s wish to develop the electrostatic and 


| electromagnetic series of units in symmetrical form from the 
_inverse-square law of forces on the unit charge and unit pole, 
' the two systems being linked ultimately by the connecting 
| constant of 3 x 10!%cm/sec. 
_ this is linked in the paper with the application of vector notation, 
_ which, however useful, is unfamiliar to the elementary student. 
| Furthermore, I believe that the development of the unit systems 


It is unfortunate, however, that 


is very much clarified by defining the unit of force as 1 dyne in 
eqns. (1) and (2), rendering the constants « and 8 unnecessary. 
Mr. A. O. Carter also contributed to the discussion at New- 


| castle upon Tyne. 


Mr. P. Hammond (in reply): Although the paper dealt only in 
passing with the M.K.S. system of units, much of the discussion 
has centred on the issues arising from the introduction of this 
system into electrical engineering courses. It seems that to 
many speakers the alteration in the size of the basic units implies 
also a change in the sequence of instruction that is to be used. 
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Because the units are relatively new, and hence progressive, we 
are urged to embrace also the new and progressive sequence of 
instruction. JI still hold the opinion expressed in Part 1 of the 
paper. A mere shifting about of factors such as 47 or 108 can 
never contribute to a clearer understanding of electrical science. 
To believe with Mr. Mavtarlane that students gain an under- 
standing of electrical matters more easily in M.K.S. units is 
almost equivalent to a belief that we should all be richer if we 
had a decimal system of currency. Mr. Chalmers rightly points 
out what is in store for us teachers when he says, in a masterly 
understatement, that the appreciation of certain students of 
the nature of absolute permeability is somewhat vague. There is 
no doubt that the vagueness arises largely from a return in 
teaching to the view of Gilbert (c. A.D. 1600), who thought of 
electricity in terms of orbs of virtue surrounding electrified 
bodies. 

I find myself in almost complete agreement with Mr. Taylor. 
The vector potential is far too useful a tool to be dismissed 
lightly. It might well be argued that the delayed potentials are 
more useful to the electrical engineer than Maxwell’s equations, 
because the potentials already include the boundary conditions 
of the problem. Nevertheless, it seems to me that a clearer 
picture of electromagnetic radiation is conveyed by a sequence 
of instruction that starts with electric and magnetic charges, 
goes on to the forces exerted by these charges and only then 
introduces the idea of potential as a convenient device used in 
the summation of forces. I am grateful to Mr. Hickling for his 
clear statement of the flux-cutting effect and of the action of a 
rotating magnet. Vector algebra is certainly not necessary for 
the presentation of the matter contained in the paper. We use 
it only with students reading for Part II of the Mechanical 
Sciences Tripos. 


DISCUSSION ON 
“A TRANSATLANTIC TELEPHONE CABLE’’* 


NORTH-WESTERN CENTRE, AT MANCHESTER, 1ST FEBRUARY, 1955 


Mr. G. R. Polgreen: Before the submerged repeater had been 
developed much work was done in the continuous loading of 
submarine cables, and the paper describes the project of 1928 
for a single telephone channel loaded with Perminvar. My 
limited experience with this material was that it had very low 
hysteresis loss—essential for reducing cross-modulation to a 
minimum—but it was somewhat unstable. It would be useful 
to know whether this instability was in any way a limiting factor. 
Just before the war I was engaged on experimental work of 
loading a submarine cable with compressed rings of insulated 
nickel-iron alloy powder which were either pre-moulded on to 
the centre conductor of a coaxial cable at intervals or slipped on 
continuously as sleeves. The leakage reactance appeared to be 
adequate but the hysteresis loss was somewhat high. This 
subject was also briefly mentioned in a papert on the possible 
applications of ferrites. Do the authors think that this system 
has advantages for submarine telephone cables? 

Mr. H. G. Davis: If the venture is successful it will probably 
be found that the capacity of the new cables will soon be strained 
to the limit. In this connection, Dr. Buckley in the 1942 Kelvin 
Lecture indicated that 40 circuits was at that time a conservative 

* KeLty, MErVIN J., RADLEY, SIR GORDON, GILMAN, G. W., and HAtsey, R. J.: 
Proceedings 1.E.E., Paper No. 1741, September, 1954 (see 102 B, p. 117). 


+ Latimer, K. E., and MACDONALD, H. B.: “A Survey of the Possible Applications 
‘of Ferrites,” Proceedings 1.E.E., Paper No. 900 M, October, 1949 (97, Part Il, p. 257). 


estimate of requirements, and even 100 circuits might not be 
found excessive. Against a demand of this order, the 36 circuits 
and 100kc/s frequency band of the American designed system 
may soon prove inadequate. By contrast, the British design, 
using 2-way amplifiers at 20 nauts spacing and transmitting 
240kc/s in each direction, makes the greater appeal; but the 
British rigid repeaters have not yet been proved at depths beyond 
1700 fathoms. 

The success of the scheme depends equally on the cable and 
the submerged repeaters. Much attention has been focused on 
the performance and behaviour of the repeaters, but it may well 
be that cable performance and life are the decisive factors. 
The behaviour of the cable itself is vitally important for two 
reasons. First, as indicated in Section 8.4, repair repeaters will 
probably have to be inserted after each deep sea repair, to 
compensate for the additional length of cable that must neces- 
sarily be inserted. Secondly, in Section 10 it is stated that a 
margin of only 250 volts is allowed at the cable terminals for 
supplying power to any additional repeaters inserted. This 
corresponds to four or five additional repeaters, and, based on 
an economic life of 20 years, this only allows for one deep-sea 
repair every four or five years. Have the authors evidence-to 
confirm that this fault rate is unlikely to be exceeded under 
transatlantic conditions? 
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What of future developments? Generally speaking, a major 
item in the cost of small submarine cables is the armouring. 
It is therefore essential that a given size of cable shall be made 
to carry the maximum number of wide-band repeaters that can 
be supplied with power over the cable itself. Section 13 stresses 
the possibilities of transistors in this connection. If the rugged- 
ness and long life claimed for these devices can be established 
under deep-sea conditions, this may very well be the direction in 
which future development will take place. 

Mr. C. F. Campbell: Is it proposed to control the performance 
of the circuit by means of pilot signals? I assume that the basic 
equalization is included in the feedback circuit of the submarine 
repeaters, but are deviation or temperature equalizers envisaged ? 
Will any attempt be made to control the gain of repeaters, or 
will all control be exercised at the terminals? 

Failure of a valve heater will result in a break in the power- 
feeding circuit. This break will be closed by the gas diodes 
fitted in all the submarine repeaters; but since these diodes have 
a finite ionization time, is it not possible that a voltage surge will 
travel in both directions along the cable from the faulty repeater, 
and so cause breakdown of neighbouring repeaters ? 

It is intended to pass about 0-25amp d.c. down the centre 
conductor of the cable, and to use the sea itself as a return path. 
Is there no danger of the return currents flowing into and out of 
the armouring and outer conductor of the cable, and so causing 
electrolytic corrosion ? 

Finally, it seems probable that traffic will be at a minimum on 
the cable between about 0400 and 0700 hours G.M.T. Have any 
schemes been considered for earning revenue during this time? 
The possibilities which come most easily to mind are high-speed 
telegraphy, facsimile transmission, recorded radio programmes 
and recorded greetings. 

Mr. H. Wood: No mention is made of any provision for 
broadcast circuits, although the system will presumably handle 
the standard carrier broadcast channel recommended by the 
C.C.I.F. When one considers the quality of broadcast trans- 
mission which can be achieved over the proposed system and 
combines that with the new frequency-modulated radio trans- 
mission of the B.B.C., the absence of noise in future broadcasts 
from the western hemisphere should be quite striking when we 
compare it with what we have come to regard as the normal 
standard. 

The simplification of the terminal equipment arising from the 
decision to make the lowest frequency 20 instead of 24kc/s over 
the British Post Office section is not at all obvious. It appears 
that the low-frequency group is produced by a single stage of 
modulation from a partially equipped supergroup, and thus to 
change the bottom frequency by 4kc/s means only a change in 
the carrier frequency by this amount. 

It. would appear that the arrangements for feeding power to 
the repeaters in the Atlantic section are the same for both cables, 
i.e. the direction of the flow of current is the same in both cases. 
‘What considerations led to this arrangement rather than one 
in which the direction of the flow of current is different in the 
two cables? This latter arrangement would appear to offer some 
advantage in reducing the corrosion problem, in that if the 
system were completely balanced, there would be no current 
flowing through the sea at all. 

Dr. W. J. J. Curry: Section 8.1 states that “impedance 
irregularities must also be avoided, since they affect the 
gain/frequency characteristics of the repeater.”” What magnitude 
of impedance irregularity do the authors consider practically 
significant in relation to the repeater requirements ? 

‘On other non-submarine types of coaxial cable the pulse-echo 
method of measuring and locating impedance irregularities has 
found favour, not only as a means of test, but also as a method 
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of examining the cable in its various stages of manufacture ani 
during installation. This has facilitated improved designs o 
cable which are less susceptible to damage under normal con- 
ditions of installation. Do the authors consider the method ; 
useful one in relation to submarine-cable development, and, in 
particular, may it contribute to our knowledge of cable charac- 
teristics during laying operations ? 

Mr. J. F. Shipley: I was interested to learn that, to prevent 
kinking while laying or when standing-to, the submarine cable 
must be kept in tension. This coincides with my knowledge of 
towing floating docks, with which vessels I am often concerned. 
These unwieldy ships, when towed across the Indian Ocean, for 
example, must avoid the monsoon. If the towing time is too 
early the dock has to be towed round in circles of several miles 
diameter, depending upon the time to be \wasted before con- 
tinuing the voyage. During the whole of this time the tow-ropes © 
must be kept taut or the dock may get out of control, which 
might lead to its loss at the outset of its possible life. 

Mr. J. E. L. Robinson: The comparison between the American 
more mechanically advanced, although electrically more con- 
servative, deep-sea section of the equipment and the British 
shallow-water gear is most interesting. It is suggested that the 
improved communication provided by this cable is likely to lead 
to a rapidly rising demand for more telephone channels than the ~ 
cable can provide. With this possibility in mind, what design 
will be adopted for a deep-sea section to be installed in, say, — 
5 years’ time? It would seem that germanium amplifiers will 
not be ready. Will the authors then use throughout the more ~ 
modern higher-mutual-conductance valves and a 2-way cable, 
as in the present British equipment ? ' 

Since each terminal generator is stated to be capable of 
supplying the load alone and also has 20% overvoltage capacity, 
it seems to follow that, with one generator operating normally 
and. providing half the load, maximum voltage accidentally 
generated on the other machine would impose 1:7 times the 
normal voltage on the filaments. And if there were collusion by 
evil persons at both ends of the cable, the overvoltage could be. 
2-4 times normal. Under these conditions presumably only one 
filament is likely to fail, but the others might well be so damaged © 
that the replacement of every repeater would be necessary. Is 
this costly contingency well guarded against ? 

Mr. R. W. Presswell: If the gland G in Fig. 9 were moulded 
in a harder grade of polythene, would it be used with confidence 
at ocean depths? 

Is the adhesion between the polythene moulding and metal 
castellated boss of the gland adequately strong and repro- 
ducible? | 

Since a quantity of sea water may leak into the annular space 
between the pressure resisting housing and the inner sealed 
cylinder A without affecting the performance of the amplifier, — 
would there be any justification in replacing the silver-solder 
seat between the bulkheads and casing by a mechanical seal based 
on the O-ring principle? 

If a second transatlantic telephone cable is to be laid, would — 
it be operated on the one-way or two-way system? 

Dr. M. J. Kelly, Sir Gordon Radley, Mr. G. W. Gilman and 
Mr. R. J. Halsey (in reply): It will help to clear up some mis- 
understandings as to the relative merits of the American and 
British systems to emphasize that on the main crossing the 
capacity of the system is limited by the power circuit. The safe 
voltage for the system, divided by the voltage required by each 
repeater, determines the number of repeaters which can be — 
operated and hence the maximum gain which can be used and — 
the’ maximum frequency which can be transmitted. Neither 
2-way repeaters nor higher-performance valves could increase the ~ 
circuit provision over this section; only reduced voltage require- 


' 


: 


nents for each repeater could do this—hence one attraction of 
ransistors for the future. 

| On this main section power is fed in opposite directions over 
je two cables, and so there is a negligible earth current. On the 
‘arenville-Sydney Mines section, where there is only one cable, 
tere are long earth cables designed to keep low the current 
‘sturning via the cable sheath. Mr. Robinson’s calculations of 
ixcess voltage on valve heaters are not valid, since constant- 
‘urrent generators are used. Experience with telegraph cables 
hows that deep-water-cable faults are very rare, and we can 
2asonably expect that not more than one such fault will occur 
1 the first ten years. 

| There is no variable gain or equalization at any submerged 
epeater, adjustments being made manually at the shore stations 
; accordance with the indications of pilot signals. The gain 
ability of the system with variations of ocean temperature will 
adequate to allow this. There are a number of pilots for 
tion and overall control. 

_ The cable specification for the main crossing requires that 
mpedance irregularities shall be such that the echo attenuation 
t any point, measured with a 1-5 microsec sine-squared pulse, 
hall be at least 45db. Since the repeaters have high input and 
‘utput impedances they are very sensitive to impedance irregu- 
irities. Pulse-echo tests are carried out at various stages in the 
Ethie of the cable, but they will not be used during the 
jying operation as the (one-way) repeaters will be inserted in 
dvance and therefore cannot transmit the reflected signals. 

| The use of a 20kc/s lowest frequency on both systems allows 
fe same supergroup translating frequency to be used on both 
poreanis at Clarenville, minimizes crosstalk problems at that 
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point and allows space for supervisory signals immediately above 
the low-frequency transmission band of the British system. 
Music channels will be provided. 

The grade of polythene used for the cables is 0-3, and the same 
grade is used for the glands on the British repeaters. These 
glands are regularly tested at 5 tons/in? and will withstand this 
pressure for very long periods without failure or change. The 
bond is certainly effective, and its efficacy is reflected in a greatly 
increased resistance to a torque tending to turn the gland on the 
castellations. There appears to be no reason why O-ring seals 
should not be effective, although experience with them in this 
connection is comparatively short. 

Proposals to apply continuous loading for high-frequency 
cables look attractive, but really satisfactory designs never seem 
to emerge; loading by means of ferrites would probably have 
theoretical advantages. For ocean telephony the simplicity and 
uniformity of unloaded cable have great merit, but it would be 
rash to predict that there is no future for some form of continuous 
loading; this would have to be applied in such a way that no 
voids are left around the inner conductor. Regarding the use 
of Perminvar in the 1928 project; the instability referred to by 
Mr. Polgreen was definitely not a limiting factor; the Perminvar 
was somewhat unstable during the laying operation, but remained 
quite stable after laying. 

The possibility, referred to by Mr. Campbell, that the opera- 
tion of a gas diode in one repeater will cause a voltage surge 
which will, in turn, cause a breakdown in neighbouring repeaters 
has been investigated. The results show that the attenuation 
between repeaters reduces the surge below the value required to 
operate the gas diodes in the adjacent repeaters. 


_A prejudice exists against using current transformers for 
otalizing the currents in a number of supply lines because it is 
Bought that the accuracy is impaired if one or more lines are idle. 
“he present paper was begun with the idea of showing that the 
ne is based on a fallacy, and that the errors are stable 
ithin close limits, but the consequent simplification of the circuit 
arameters has enabled formulae to be derived for estimating the 
ffective burden on each transformer and also for computing the 
iverall error from tests on the individual units. 

_ The object of summation is to enable a number of currents in 
ifferent feeders to be regarded as a single current. It is therefore 
s a single current transformer with a definite overall ratio of its 
wn that a complete summation transformer equipment should 
e considered to act, its performance being judged on that 
asis. For this to be so the overall error should depend only 
nm the total load and not on the way it is shared among the 

ders. 

Two methods of summation are in general use, both requiring 
Separate current transformer in each line. The first method is 
0 connect all the secondaries in parallel to the measuring burden, 
vhich carries the sum of their currents. It is essential for all 
he transformers to have the same ratio, and the current in the 
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burden may be quite large if standard Samp secondaries are 
used. 

It is generally preferable to use a summation current trans- 
former to sum the secondary currents. This has as many 
primaries as there are feeders. Each primary is connected to an 
appropriate line transformer secondary, and its own secondary 
provides a current proportional to the total load. 

The summation transformer is more flexible than direct 
paralleling of the secondaries, and will handle not only unequal 
transformer ratios but also unequal secondary currents. More- 
over, the current in any part of the secondary circuits need not 
exceed 5amp, enabling standard current transformers and instru- 
ments to be used. 

TDLE FEEDERS 


Here the behaviour of current transformers in parallel will be 
studied for different conditions of load sharing. Similar argu- 
ments apply to circuits employing a summation transformer. 

In Fig. 1 only the left-hand current transformer is loaded, and 
it is clear that part of its output is diverted from the burden to 
provide a magnetizing current for the idle transformer. If the 
latter were disconnected the accuracy of measurement would 
clearly be improved, and it is this fact which causes the doubts 
as to the validity of the method. 


® 
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Fig. 1.—Parallel current transformers with one line idle. 


That is not, however, a complete approach to the problem. 
Current transformer secondaries are not automatically discon- 
nected when their primaries cease to carry load, so that their 
magnetizing currents are present all the time. What is really 
important is that the overall accuracy should be stable for a 
given total load, and should not vary according to the way in 
which the current is shared between the lines. 

Now the total error is the sum of the magnetizing currents of 
the individual transformers, which depend on the voltages 
induced in their secondaries. If the impedances of the windings 
and leads are ignored, exactly the same voltage exists across 
both secondaries. This depends only on the burden current, 
which in turn is proportional to the total load current and is not 
affected by its distribution. For a given total load, therefore, 
the two magnetizing currents, and consequently the overall 
error, have fixed values, and this applies even when all the current 
is in one feeder. 

When the impedances of the windings and leads are taken into 
account it can be shown that for a given total load the average 
e.m.f. induced in the secondaries is always the same, and if the 


4 


‘ 
4 
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magnetization curve of the,cores were linear the overall erre 
would be quite stable. In practice this is not so and sma 
variations occur owing to non-linear permeability. 


Test RESULTS 


The stability of the overall error is amply confirmed in Table 
which gives test figures on four similar 100/Samp ring tran: 


TABLE 1 
Effect of Idle Feeders on Overall Error 


Equally loaded One Two Three 
feeders idle feeder idle feeders idle feeders 
Burden 
current ] 
- Ratio |Phase| Ratio [Phase| Ratio |Phase| Ratio Phas 
error angle error angle}. error angle] - error angl 
amp yA min We min % min % min 
6 —0-83 | 27 | —0-83 | 27 | —0:81) 27 | —O0-78 a7 
5 —0-82 | 30 | —0-83 | 29 | —O-81 | 29 | —0-78 | 29 
4 —0-81 | 33 | —0-81 | 33 | —0O-80 | 32 | —0-76 | 32 
3 —0-79 | 36 | —0-79 | 36 | —0-77 | 35 | —0-74 | 35 
2 —0-76 | 41 | —0-76 | 40 | —0-75 | 40 | —0-72 | 39 
1 —0-72 | 47 | —0-72 | 46 | —0-70 45 —0:67 | 45 


formers connected in parallel to a burden of 0-1 ohm. TI 
overall ratio was thus 400/20amp and the burden 40 watts : 
rated current. Transformers with larger errors than usual wei 
chosen so as to magnify the differences. The measurements we: 
made on an ordinary current-transformer testing set, and tl 
maximum burden that could be handled was 6amp. 

Since it was difficult to arrange four identical feeders in parall 
a special test procedure was adopted. The results in the fir 


TABLE 2 


Unbalanced Transformers in Parallel 


Individual errors 


Errors when in parallel 


Rated No. 1 No. 2 


current 


Equal loads No. 2 idle 


No. 1 idle 


Ratio error Ratio error 


Ratio error 


Phase angle Ratio error 


OS 
S110) 


vo Yo 
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TABLE 3 
Effect of Different Amounts of Turns Compensation 


Individual errors 


Errors when in parallel 


Rated 
current 


Equal loads No. 2 idle No. 1 idle 


Ratio error Ratio error 


Ratio error 


Ratio error Ratio error 


yy, 
—0°56 
—0°56 
—0=55 
=0:50 


% 
—0-3 
} 0-45 
—0-63 
—0-80 


% 
Out 
0 


On 
—0"35 


_% 

=1/-05 
— 10s 
sid 
—1-25 
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_|column are for equally distributed load and were obtained with good transformer is idle, all the current comes from the biased 
‘)\the four primaries in series, giving a test ratio of 100/20amp. unit and the ratio error is made still more positive. When the 
‘For the second column the primary cable was removed from one poorer one is idle, its turn compensation does not come into 
| transformer, leaving its secondary idle, and the test ratio was action at all, yet its full magnetizing current has still to be sup- 
then 100/15amp. The third and fourth columns were similarly plied, and the ratio error shifts negatively by about half the bias 
| obtained by having two and three idle transformers, but each percentage from the mean position. The conditions are then 
| time the tests were made at the same burden currents, representing very nearly the same as for the final column of Table 2, with 


_the same total load. which the last column in Table 3 may be compared. 
| Table 2 gives similar results for two very unequal transformers 
_ in parallel, and comparison of the results in the last three columns POSITION OF PARALLEL CONNECTION 
_ shows that even under these severe conditions there is little change It is commonly thought that the secondaries must be paralleled 
| in error between the extremes of load sharing. at the burden and not at the transformer terminals. The reason 


| More important is the effect of having different amounts of given is that the voltage across the idle secondaries is thereby 
‘turn compensation on the various transformers. Table 3 refers reduced by the drop which would otherwise occur in the common 
| to the same transformers as Table 2, with the secondary winding leads, causing a smaller magnetizing current to be diverted from 
| of the first unit reduced from 80 to 79 turns.. The ratio error of the burden. Since it has been shown that idle feeders have no 
this transformer, given in the first column, is seen to have changed appreciable effect, it follows that the actual point of paralleling is 
by about 1:25% in a positive direction, as would be expected. unimportant and may be chosen according to convenience. 
The ratio error for distributed load, col. 3, has changed only In the remainder of the paper formulae are derived for esti- 
| by about half of 1:25% as compared with Table 2, since only mating the effective burden on each transformer and also for 
_ half the current comes from the biased transformer. When the computing the overall error from tests on the individual units. 
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Non-linear 
element 
(e)/e 


If a non-linear system is oscillating, either through external The error is supposed to be oscillating sinusoidally with fre- 
excitation or internal regenerative action, it may be possible to quency w and amplitude a. The output of the non-linear ele- 
show that the waveform at the inputs to the non-linear elements ment will contain harmonics of this frequency, but these are 
in the system is approximately sinusoidal. The frequency- supposed to be sufficiently attenuated by the low-pass filter to be 
response analysis of the system as a whole may then be carried 
out on the assumption that all harmonic components generated e) ft inear fil 89 
by the non-linear elements can be ignored. Reon 

This principle has been applied to the analysis of ‘‘on-off” NSA 
control systems by Kochenburger,? of non-linear control systems 
in general by Johnson,? and of control systems containing 
particular types of non-linear elements by other authors.'.4.5 Fig. 1.—Block schematic of a non-linear feedback control system. 
All these authors use this principle, or the describing-function 
method, as it has become called, in order to predict whether self- unimportant by the time they return round the main loop to the 

_ excited oscillations can occur, and to estimate the frequency, input of the non-linear element. The analysis therefore proceeds 
amplitude and stability of these oscillations if they are present. by neglecting all harmonics, and only the behaviour of the funda- 

The method has also been used to obtain the response of a ental term throughout the system is considered. 

Pontrol system to. a sinusoidal input signal. ; The gain of the non-linear element is defined as the ratio of the 
The purpose of the paper is to review and qualify the applica- amplitude of the fundamental component of its output to the 
tion of the describing-function method, and also to extend its amplitude of the sinusoidal signal applied to its input. This 
application to the evaluation of the transient response of non- gain is in general complex, because a phase shift may be intro- 

_ linear systems. duced by such’ non-linearities as back-lash or hysteresis. The 

7 STEADY OSCILLATIONS gain of the non-linear element f(e) is thus a complex function 
The system considered is the feedback control system shown inf the amplitude, a, and it may be written as n(a) where 


Fig. 1. In addition to a linear transfer operator, G(D) [where * n(a) = pla) + jq(@) seh aaa aC) 
D = d/dt], which represents the low-pass filter formed by the : fs 
motor and load and associated networks in the forward loop, i gee é 
there is also a non-linear element, whose output, f(e), is an p(a) = rg how pf(asin pd . . . (2%) 
instantaneous function of the error e of the system. With the 
input of the system held constant it is possible for steady oscilla- on 
tions to occur, and this case is examined first. acid q(a) = 25 cos ¥f(asin pap . . . (3) 
I Mr. Grensted is in the Department of Engineering, University of Cambridge. 0 
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Thus for any given function, f(e), the corresponding describing 
function of gain, n(a), may be evaluated. Grief4 gives a list of 
gain-describing functions for commonly encountered non- 
linearities. 

For the system shown in Fig. 1 it can be readily shown that 
values of a and w satisfying the equation 


GGan@ eel =0.".) . . =. 4) 


represent the amplitude and frequency of possible modes of self- 
excited oscillation. Eqn. (4) may be examined in the Nyquist 
diagram. The locus of G(jw) with w as a parameter and the 
locus of —1/n(a) with a as a parameter are drawn in the complex 
plane. A typical example is shown in Fig. 2. Intersections of 


& 


a increasing 
= - 


Fig. 2.—Nyquist diagram for a non-linear contro] system. 


the two curves as A, B or C represent possible modes of steady 
oscillation. 

The stability of these oscillations may also be determined from 
the diagram, but this is not so straightforward as is often 
supposed. 

The approximation made in the analysis has been to neglect 
harmonics, and it has been found that this leads to errors of up 
to 10% in the evaluation of the amplitude and frequency of 
steady oscillations. In order to illustrate the type of errors that 
may be involved, a system was analysed in which the non-linear 
element was an idealized “on-off” relay, and the linear filter 
consisted of two exponential delays, T,; and 7, followed by a 
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Fig. 3.—Comparison of periodic times of steady oscillations. 


—----- Frequency-response method: Ty//(7,7 2). 
Exact analysis: T/\/(7T2). 
A = V(M1/T2). 


single integration. In Fig. 3 is shown plotted against the para- 
meter 1/(7;/T>) the variation of the periodic time, T;, of steady 
oscillations of this system as found by the describing-function 
method. Also for comparison is plotted the true periodic time, 
T, found by an exact method. 


TRANSIENT OSCILLATIONS 


Transient oscillations, i.e. the behaviour of error due to a step 
change of input, may be considered, provided that there is only 
one mode of oscillation possible in the system. Otherwise, 
several modes of oscillation would be excited by the applied step 
function, and this would violate the primary assumption of the 
describing-function method, which is that only one component 
of frequency is present at any instant at the input of the non- 
linear element. Thus the remaining discussion is limited to a 
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thus 


q 


y 


y 


system governed by a second-order differential equation, but in 
this case it is possible to obtain analytic expressions for the varia- 
tion with time of the frequency and damping of a transient, and 
hence an explicit expression for the error is derived. 

It is first necessary to define frequency and damping when 
these are varying with time. The expression for the error, e, is 


e=asiny) ee. ne 
where a is the amplitude and % the phase of the transient. The 
frequency, w, is defined as the rate of change of phase. The 


damping, p, is defined as the rate of reduction of amplitude 
divided by the amplitude; 


w =: «aia os ~ 


Hence the expression for the error is 
e = e~ Sud sin | cod Sees 


The system considered is that of a simple velocity-lag servo- 
mechanism in which the non-linear element has a characteristic 
f(e). The equation for the error in this system is 


é+2cé +f(e)=0 29... « Je 

where c is a constant. 
The solution of this equation with initial conditions ¢ = 0, 
e = é) at t = 0 is the response to a step input of magnitude eg. 
The describing-function method is used by substituting the 
assumed expression for e of eqn. (7) into eqn. (8), and neglecting 
all the harmonics provided by the term f(e). This procedure is 
justified by the arguments already given in the analysis of steady 
oscillations. When this substitution has been made, the coeffi- 
cients of the sine and cosine terms are separately equated to zero, 
and two important equations are derived: ; 


= p(a) + Hw? = 26 Fee. 
a_: . \ Done 
q bo - oer a 


where p(a) and q(a) are the gain-describing functions already 
defined in eqns. (2) and (3). 

Eqns. (9) and (10) give considerable qualitative information 
concerning the transient. Suppose, for instance, that q(a) = 0, 
which occurs whenever the non-linear characteristic is a single- 
valued function and does not introduce phase shift. Then, by 
eqn. (10), the damping is increased by the term w/(2w) from the 
value c which corresponds to the damping of the equivalent linear 
system. If the frequency is increasing throughout the transient 
then the damping is increased, and if the frequency is decreasing 
the damping is reduced. The contribution of the term w/(2w) 
to the damping can be quite significant; in an on-off control it 
represents one-quarter of the total damping. 

The solution of eqns. (9) and (10) is possible by an iterative 
process. The simplest method is to use the approximate 


expression 
w* ~ p(a) (11) 


from (9) for the value of w in (10), which then allows (10) to be 
solved, giving explicit expressions for w and a in terms of time f, 
and hence a more accurate value of w may be formed from (9). 
This procedure was used in the example of a control with an 
idealized on-off element and the expression for the error, e, was 

found to be 
e = 1-25e—24/3 sin [1734/3 + 19e—4#/3 — 139]? (12) 


=0,/¢e— Jat t= 0. In 
— Life <40; ¢ = 1/2. 


The initial conditions taken where é 
eqn. (8) f(e) = 1 if e > 0 and f(e) = 


It is seen that the frequency of the transient increases exponen- 
tially with time but the damping remains constant. This solu- 


| _tion, which has involved approximations in the solutions of 
_ eqns. (9) and (10) in addition to the inherent approximation of the 
| describing-function method, is shown in Fig. 4. Peaks and zeros 


+1-0@ 


! +0-8 


Fig. 4.—Transient solution. On-off controller with idealized relay. 
© Peaks and zeros of accurate solution. 


for the exact solution of eqn. (8) are shown for comparison, and 


' the agreement is very good. 


This particular example was chosen because an exact solution 
could be obtained for comparison, but the method can be applied 


equally well to other simple non-linear systems where no com- 


! 


parison is possible. The main value of the method, however, 
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lies in the fact that eqns. (9) and (10) give considerable insight 
into the manner in which the parameters of the system determine 
the nature of the transient. 
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‘The calculation of the field distribution for an electrode con- 
figuration producing a non-uniform field is normally made with 
the assumption that the conductivity of the material between the 
electrodes is constant. However, it appears to be generally 
accepted that in insulating solids the conductivity increases when 
very high fields are applied. For a point-to-plane electrode 
system with a solid dielectric, a high field at the point will be 
reduced as a result of enhanced conductivity, and it therefore 
becomes of interest to know what the modified field distribution 
will be; this is of particular importance in the electrical break- 
down: of dielectrics in non-uniform fields. 

_In order to calculate the field distribution, it is necessary to 
find the solution of 


div (cE) = 0 (1) 


where £ is the field and o is the conductivity; the method used 
in the paper is to put 
oF = Oo, (2) 


The paper is based on Report L/T319 of the British Electrical and Allied Industries 
Research Association. 


where gy is the conductivity at some standard field. Eqn. (1) 
then becomes 
(3) 


and since o9 is constant, this can be solved to find the transformed 
field E,. Eqn. (2) then allows the field E to be found if the 
variation of o with £ is known. 

Frohlich has shown that above a critical temperature the 
variation of o with E can be calculated if the energy levels in the 
dielectric are known; these can be obtained from measurements 
of the temperature dependence of the electronic conductivity in 
very weak fields and the temperature dependence of the field 
at which intrinsic breakdown occurs. A Table of the values 
obtained in this way for several materials is given in the paper, 
and Fig. 1 shows how £, is related to E for one of them. 

The method has been used to calculate the field along the axis 
of a point-to-plane electrode system in which the point is a 
hyperboloid of revolution of radius of curvature R distant x9 
from the plane, and Fig. 2 shows the result for various applied 
voltages Vp. Fig. 3 shows that the maximum field is considerably 
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oS 
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Fig. 1.—The function E; = (o/o0)E for polymethylmethacrylate. 


i) 20 40 60 80 
Distance from point, 10%em 


Fig. fe pugs distribution for point with R = 10-3cm and 
= 10-2cm in polymethylmethacrylate at 16°C. 


For be a dashed curve shows field calculated for constant conductivity. 


less than that calculated for constant conductivity. This means 
that the voltages necessary for breakdown in a non-uniform field 
will be higher than those expected on the basis of a simple elec- 
trostatic calculation, and Fig. 4 shows the distance over which 
the intrinsic electric strength will be exceeded for one solid. 

It is noted that electrons emitted by field or thermionic emission 
from a negative point may further modify the field and lead ‘to 
polarity differences which may, however, disappear at higher 
temperatures. 
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Fig. 3.—Maximum field for point-to-plane electrodes in 
polymethylmethacrylate at 16°C. 


For comparison, dashed curves show values for constant conductivity. 
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Fig. 4.—The distance x; over which the intrinsic electric strength is 
exceeded for point-to-plane electrodes: in polymethylmethacrylate 
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When insulation is subject to intense discharges, e.g. in short- 
time and step-by-step industrial electric strength tests, rapid 
breakdown occurs if the stress is sufficient to penetrate the 
surface and. propagate through the material. It is thus of 
practical interest to determine the conditions necessary to 
propagate breakdown channels and to distinguish between the 
effects of stress concentration and local heating at the ends of 
discharge channels. 

To study the effect of stress concentration alone, the propaga- 
tion of breakdown channels from steel-point electrodes embedded 
in polythene to adjacent plane electrodes has been investigated. 
It is found that: 


(a) The average divergent-field electric strength (E,,,) and the 


intrinsic strength vary with temperature in a similar manner, as: 


shown in Fig. 1. £,, is given by Vo/t, where Vo is the potential of 
the oe and ¢ the distance between point and plane as in Fig. 2. 
Bes E,,t/RU + 4t/R) is the calculated maximum stress near 
the. point electrode. 

(b) At 20°C the breakdown stress for a given electrode con- 
figuration is some 25% greater if the point is negative than if 
positive. This polarity effect decreases with increasing tempera- 
ture and is negligible above 60° C. 

(c) E,, decreases with increasing separation between point and 
plane. 

(d) E,, does not vary significantly with the size of the point, 

unless the radius R exceeds some 10 microns (when ¢ is between 
250 and 800 microns). With larger points E,,, increases with 
R such that £,,,, always exceeds the intrinsic strength, as shown 
in Fig. 3. ‘ 
_ (e) If a surge of one polarity is followed by a surge of opposite 
polarity, failure occurs at much lower stress than normal for this 
polarity. With alternating voltage, breakdown occurs always 
when the point is positive. 

These results indicate that stress-enhanced conductivity and 
space-charge accumulation reduce the stress near sharp points to 
values much lower than calculated geometrically (£,,,,,.). Break- 
down channels propagate when the effective stress near the 
point attains the intrinsic strength of the material. 

This criterion for breakdown in divergent fields explains the 


The paper is based on Report Ref. L/T310 of the British Electrical and Allied 
Industries Research Association. 


Negative points 


S 


Positive points 
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Fig. 1.—The variation of the intrinsic and average divergent-field 
electric strengths of polythene with temperature. Results for 
points of between 1:5 and 7-5 microns radius. 

The electrode separation was as follows: 
(a) 350 microns. 
(b) 450-600 microns. 


(c) 750-800 microns. 
(d) Variation of intrinsic electric strength with temperature, 


Fig. 2.—Electrode nomenclature. 


variation of industrial electric strength* of insulation with speci- 


-men thickness and with the electrical characteristics of the 


specimen and medium. 


* Measured with the specimen in air or under oil, between standard electrodes such 
as specified by the B.S.I., A.S.T.M., etc. 
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4 6810 20 40 
Radius, microns 


Fig. 3.—Variation of divergent-field electric strength with radius of 
point at 60°C. 


Electrode separation, 500 microns. 
x X & Positive points. 
OOO 'Negative points. 


It is assumed that discharge channels propagate through a 
material of thickness t when the stress E,,,,,. at the point of impact 
of a discharge of radius R attains the high temperature intrinsic 
strength of the material.* 


The exact values of R and E,,,,. are not critical, but if it 
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Fig. 4.—Variation with thickness of 1 min industrial electric strength 
of dielectric materials measured in clean oil at 20°C. 
Measured values: 


x xX x Polythene. 
AAA. Ebonite (Refs. i5 and 16). 
OOO Ruby mica (Ref. 14). 

|C Cellulose acetate (Ref. 18). 


energy. Thus, if the discharge-inception voltage is increased, 
the a.c. working voltage is also increased, but the short-time a.c. 
and impulse breakdown voltage may be decreased. 


TABLE 1 


Factors affecting the A.C. Step-by-Step Electric Strength of Insulation. 


Tests with A.S.T.M. Electrodes 


Test medium 


Specimen Air 


Clean B30 transformer oil Contaminated oil 


Breakdown voltage 


Vi Breakdown voltage Breakdown voltage 


Polystyrene, 1 mm thick 60 after 20sec 


Polythene, 1-5 mm thick 50 after 25 sec 


Cellulose acetate, 0-25 mm thick 14 after 30sec 


40 after 10sec 


52 when voltage increasing 
from 50 

47-5 when voltage increasing 
from 45 

11 when voltage increasing 


37-5 after 60sec 


9 after 30sec 


V; = Discharge inception voltage [kV(r.m.s.)]. 
Breakdown voltage [kV(r.m.s.)] determined after previous 1 min steps at lower voltage. 


were assumed that R = 3 mils (75 microns and E,,,.. = 5:25kV 
(r.m.s.)/mil [3 MV(peak)/cm], the electric strength would vary 
with thickness, as shown by the solid curve in Fig. 4. This 
curve is in quite good agreement with experimental values. 

The variation of electric strength with the inception voltage (V;) 
of discharges in the medium (shown in Table 1) is also explained: 
The discharge energy, and therefore the temperature rise at the 
point of impact of discharges, increases proportionately to V,, 
so that the value of E,,,,, required for breakdown decreases with 
increase of V;. 

The variation of electric strength with time of application of 
alternating voltage is also considered. The long-time breakdown 
voltage tends asymptotically to the discharge-inception voltage 
V,, but the short-time breakdown voltage decreases with increase 
of V;, as shown in Table 1, owing to the increased dischange 


* Intense discharges cause local heating at the dielectric surface, so that breakdown 
may occur when the high-temperature intrinsic strength is exceeded irrespective of 
the ambient temperature. 
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In a previous paper, it was shown that the graph of a passive 
network, which does not contain transformers, could be expanded 
as the sum of a number of simpler graphs. From these graphs 
the set of trees, which is equal to the determinant of the network, 
could be written down by inspection. 

Ina further paper,” which will be referred to as “Determinants,” 
it was shown that 3- or 4-terminal élements, such as valves and 
transformers, could be represented as graphs in terms of an 
element hj; ,,, comprising four nodes and two directed branches. 
This makes it possible to set up the determinant of any network 
directly from the graph of that network. 

The present paper lays a basis for a theory of graphs of net- 
works containing 3- or 4-terminal elements. 

Fig. 1 shows the graphs of the various network elements as 
described in “‘Determinants”’: (a) shows the fundamental element 
hi jm Which is such that a voltage v;,, between the nodes j and 
m, with m positive, produces a current i;, from k to i equal to 
hi km®ims (6) shows an ordinary 2-terminal element obtained 
from h,;,., by identifying i and j and also m and k; (c) shows a 
valve; (d) shows a pair of identical valves in push-pull; (e) shows 
a symmetrical two-way admittance, which may be that of a 
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transformer; fy; in, Shown in (f), is a fictitious element equal to ~ 
the transfer admittance which it is required to evaluate. 
Eqn. (1) gives the H-matrix (as defined in “Determinants ) of 
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the element h;;;,,, from which the H-matrices of all other 
elements can be deduced: 


j m | 
(hij. xm) =P = Me a ME (1) 
k —h h J 


The H-matrix of a network is the sum of the H-matrices of its 
elements, and the ordinary D-determinant is equal to any first 
cofactor of the determinant of the H-matrix of the network. 


G A 


msf|p q|m if 


gtm, 


gtm, 


C 
(c) 
Fig. 2.—Triode network. 


Fig. 2(a) is the conventional representation of a network fed 
with a current i and from which it is required to obtain the output 
voltage v. Fig. 2(b) shows the graph of this network in which 
foc.ca = Yec.ca =ilv. In Fig. 2(c) elements in parallel are 
replaced by a suitably labelled single element. 


G (Cee) AN 


(ké@, kéy) = +m2—f, pt+g+my fa +m, +g,q +m2+f) 


/ 
\/ 
Cc 
Fig. 3—The reduced graph. 


Fig. 3 shows the “reduced graph,” in which branches in 
parallel are replaced by a single branch and suitably labelled. 
Each of these branches represents a current branch, denoted by 
the first term in the brackets, in parallel with a voltage branch, 
denoted by the second term in the brackets. Hence the reduced 
graph can be replaced by two graphs, a current graph as in 


G if A G T A 


/ 
ké4=p+m2—-f y qt+mi+g pt+g+m, 


G ( 
(a) @) 
Fig. 4.—Current and voltage graphs? 


Fig. 4(a) composed of current branches only, and a voltage 
graph as in Fig. 4(6) composed of voltage branches only. 

The current graph must be in accordance with Kirchhoff’s law 
for currents, while the voltage graph must be in accordance with 
Kirchhoff’s law for voltages. The two graphs are linked by the 
admittances of the elements. The nodes of the current graph 


| 
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correspond to the rows of the H-matrix, while the nodes on the’ 
voltage graph correspond to the columns. To every operation ' 
on the H-matrix there corresponds an operation on the graphs, | 
and this correspondence extends even to operations in which the 

nodes on the two graphs are different. 

Each matrix element of the H-matrix can be obtained from 
Fig. 3 by the rule that /;; is equal to the sum of the network 
elements the current branches of which terminate on node i 
and the voltage branches on node /, the sign being positive if the 
arrows on both branches point either towards or away from the 
nodes i and j, and negative otherwise. If the fictitious element f 
is included, D = 0. The transfer admittance is then equal to the. 
ratio of D (f = 0) to the coefficient of fin D. 

The expression k%,, which has been used as a label for a 
current branch in the current graph, is termed the current-branch 
admittance function; the expression Kins which has been used 
as a label for a voltage branch in the voltage graph, is termed the 
voltage-branch admittance function; while the sum of the 
elements common to k;, and k;,, is termed the branch-pair 
admittance and is written k;;;,,,.. An algebra of the graphs is 
developed which includes relations between these expressions, 
and the matrix elements /;;. | 

It was shown in “Determinants” that the derivative of an 
H-determinant with respect to the element hj ,,, is (i +k, 
j + m)H, where (i + k, j + m) is an addition operator which 
deletes row k, replaces row i by the sum of the rows i and k, 
performs the corresponding operations on the columns j and m, 
and affixes the sign (—1)*+”. It is shown that the corresponding 
operation on the current and voltage graphs involves short- 
circuiting the nodes i and & on the current graph and also the 


G A 
Sra oe 
.C+A C+G 


Fig. 5.—dH/dg = Derivative of the graphs of Fig. 4 with respect to 
&§CC.AG. 


nodes j and m on the voltage graph. Fig. 5 shows the derivative 
of the graph of Fig. 4 with respect to the valve element g. 

On a graph, all the elements of which are ordinary elements 
of the form fh, ;;, a tree is defined as a set of branches which 
connect all the nodes but enclose no meshes. On such a graph a 
tree can be formed by a set of operations of the form Aj; ;/dA;j;_ ;- 
On the current and voltage graphs a set of the more general 
operations Ajj 0/2; nm gives Tise to a pair of trees, one on 
each graph. A tree on the graphs of a network is therefore 
defined as a set of network elements such that the current 
branches form a tree on the current graph and the voltage 
branches form a tree on the voltage graph. 

With this extended definition of a tree, and with an appropriate 
rule of signs, the set of trees J on any network is equal to the 
determinant D of the network. Thus the usual theorem is 
extended to include networks containing valves and transformers. 
Moreover, if the element fis included, the equation T = 0 gives 
the value of the transfer admittance. An example is given 
embodying Wheeler’s concept3 of the ideal transformer-repeater. 

To solve simple networks, consisting of 2-terminal elements 
only, the choice of method is of little importance. If the network 
is more complicated the H-determinant method is generally 
quicker. If the labour of evaluating the determinant is still 
considerable, the tree method is more rapid since there are no 
terms to be cancelled. 


For networks containing valves and transformers it has been 
found of considerable advantage to construct the reduced graph 
| of the network. Either the D-determinant or the H-determinant 
can then be set up from the graph. If valves or transformers 
| are present the tree method is inevitably more complicated than 
for networks containing 2-terminal elements only. However, 
the labour of expanding a very large determinant can be con- 
siderably reduced by expanding the graphs as the sum of simpler 
graphs and then adding the determinants of these graphs. 
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The technical problem in the absolute determination of 
resistance is the comparison of the measure of a physical model 
of the unit of resistance with the quotient of inductance and time, 
the former being referred to the standard of length and the 
permeability of free space, and the latter to the mean solar 
second. Both generator? and circuit methods3-6 have been used 
‘in absolute determinations. Amongst the latter is that due to 
Albert Campbell,!>© which is one of the few methods in which 
pure alternating current, and not commutated current, is used. 

This method was developed at the National Physical Labora- 
tory® in 1933-36, and a new determination! was made in 


Fig. 1.—N.P.L. Campbell bridge. 


1951-54. The circuit is shown, in its essentials, in Fig. 1. The 
main balance condition at a frequency w/27c/s is, ideally, 
w?M,M,=rkR. If the ratio of r/R be A, the value of r in 
absolute measure is w/(M,M,A). The balance conditions can 
be established for eight combinations of the connections to the 
windings of M, and M, (M, and M, being always of opposite 
sign), and when allowance has been made for residual effects 
in the resistors and inductors, the eight combinations should all 
give the same result. In both determinations, however, it was 
found that, although the mean of the results of the eight com- 
binations was reproducible to within a few parts per million, 
there were variations within the groups of several parts in 105. 
It was realized that it would be necessary to correct for coupling 
between supply and detector loops, and an attempt was made to 
do this experimentally with a controlled eddy-current circuit. 
Nevertheless the systematic differences persisted. 

‘It is shown in the present paper that these differences can be 
explained if it is assumed that the method of correction noted 
above was ineffective, and the circuit conditions are re-evaluated 
on the basis of the existence of an eddy-current link (due in 
practice to connectors, switches, etc.) between supply and 
detector circuits. There then appear to be four distinct results 
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reproduced twice within a group of eight determinations: the 
mean of these will be nearly, but not exactly, the “‘true value,” 
ie. many of the disturbing terms will cancel out, the residual 
uncertainty being probably of the order of one or two parts per 
million. The original results® seem to support this. The eight 
results in any one group appear to be a duplicate set of four 
differentiated by random errors. 

The analysis has been checked experimentally on a new bridge 
circuit shown in Fig. 2. While this circuit possibly has some 
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Fig. 2.—New bridge and transformation. 


advantages in regard to earthing and the definition of common- 
point connections for the inductors, it has the same essential 
features as the Campbell circuit, and eddy-current coupling 
between supply and detector loops will produce similar systematic 
variations when the coil connections are interchanged. Here, 
there are only four possible combinations. 

A model bridge, designed to work at 1000c/s, was built using 
toroidal inductors and containing a minimum of metal, so that 
adventitious eddy-current coupling was reduced to negligible 
levels. The effects of eddy-current coupling were then simulated 
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Fig. 3.—Auxiliary bridge for 13: tertiary circuit coupling indicated 
by dotted line. 
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and controlled by means of a tertiary circuit, indicated by dotted 
lines in Fig. 2. Quantitative assessment was made in terms of 
the effective mutual impedance jx,, of the supply and detector 
loops, which was measured on an auxiliary bridge (Fig. 3). In 
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Fig. 4.—Correlation of M2 readings at balance with ogg. 
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Fig. 4 the change, AM, in the balancing value of M>, caused by 
coil reversals, is plotted against the resistive component, o,, of 
}443, the scatter of the observations being indicated. These 
results, and a plot of AM and 0; against the conductance of the 
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. 
tertiary circuit, appear to establish the validity of the hypothesis | 
of the origin of the systematic errors. 

It appears that the new bridge could be used in such a way 
as to make a correct allowance for eddy-current coupling. 
Referring to Fig. 2, if measurements are made of the mutual 
impedances o, + jwM, for the system ABC, oy + jwM, for 
BCD and o; + jwM, for ABCD, the main equation of balance 
can be put into the form 


w?M,M,(1 + «) = rR( + B) 


where « and £ are small terms involving M, and o3, respectively, 
Thus the effects of eddy-current coupling would be included with 
the other residuals, and no external compensation would be 
needed. . 
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- Some methods of realizingresistance without reactance, constant 
from d.c. to ultra-high frequencies, employ a cylindrical resistive 
film as the inner conductor of a short, uniform coaxial line.1,2 
With this design, the size of the resistor and the power rating 
are restricted by the upper frequency limit. The basis of another 
method is shown in Fig. 1, in which the characteristic impedance 
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Fig. 1.—Cylindrical film resistor divided into four equal parts, with 
sections of loss-free coaxial line interposed. 


related solely to the diameter ratio at any section is equal to the 
resistance between that section and the termination. On 
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increasing the number of divisions indefinitely and applying 
the usual formula for lossless coaxial lines, there results the 
exponential profile :3 

r= aexp QaRow/Oemeae ee 


where { = (u/e)?, w and ¢ being the absolute permeability and 
permittivity respectively of the coaxial space; Ro is the resistance 
per unit length, w is distance from.the termination, a is the 
resistor radius, and r the radius of the outer. 

This design, however, is imperfect in so far as the wavefronts 
in Fig. 1 are assumed to be planar, whereas they are in fact 
curved surfaces because the electric field must meet the outer 
conductor at right angles and the resistor at an angle depending 
on Ro and a. To take account of the curved wavefronts, the 
design is better approached by taking a number of conical line 
sections, rather than the cylindrical line sections’? of Fig. 1. The 
resulting profile of the outer conductor is a tractrix, and an 
approximate formula for r as a function of w is 


a(l + s?/4) exp [or + Aw)/pol 


AVE nate (s?/4) exp [20v + Aw)/po] 


(2) 
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Fig. 2.—Nomenclature and geometrical arrangement for resistor 
mount with coaxial cone input terminals. 
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Fig. 3.—Section of experimental “terminal” resistor mount, of 
24-3 ohms. 


/ in which Aw = (as/2) [exp (2w/po) — 1], s = sin ys = 27aRo/¢ 


and po = als (see Fig. 2). 


To allow for the field which penetrates the film into the en- 
closure made by it, formula (2) is multiplied by the factor 


731 


(1 + «,s?/4), where ¢, is the relative permittivity of the enclosure 
compared with that of the coaxial space. 

Experimental results with the mount shown in Fig. 3 show 
variations in resistance within 1% from direct current to the 
highest frequency measured (3450Mc/s), with a phase angle 
within 3° at the highest frequency. 
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The aim of the present work is to investigate the correlation 


' between decay time and delay time of the indicial response of 


certain types of four-terminal networks on the one hand, and, 
on the other, certain easily measurable parameters of their 
normalized amplitude response, namely the ratio f/f, and the 
peak value H, (see Fig. 1). In order to obtain more uniform 


Fig. 1—Steady-state amplitude characteristic. 


results and a better basis for comparison of various networks, 
the transients considered are all responses to the unit voltage 
step. Such transients are called indicial responses. 

The decay time t, (see Fig. 2) is defined as the time taken from 


_ the mid-point amplitude of the indicial response to the moment 


when the envelope of the indicial response deviates from the 
steady-state by a prescribed proportion of the amplitude, e.g. 
t,(1%) or tz(0-1%). The delay time 1; is defined as the time 
taken by the indicial response curve to reach the half-amplitude 
point. 

The circuits considered are all minimum-phase passive net- 
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works consisting of lumped parameters and comprising some 
low-pass and band-pass filters. Some formulae giving the 
relations between the parameters of amplitude response on the 
one hand and the decay time of the indicial response on the 


Fig. 2.—Indicial response. 


other are deduced by ‘comparing directly the expressions repre- 
senting these two states for the given type of network. Others 
are found by interpolation of the results obtained for many 
types of circuit. 

The former present the existing relations more exactly; the 
latter are more approximate but at the same time simpler and 
more suitable for the designer to use. 


U3 


DECAY TIME 

Increasing the slope of the amplitude response results in an 
increase of the overshoot, which may be considered as the 
initial amplitude of a quasi-sinusoidal exponentially-damped 
oscillation on the ‘‘top”’ of the indicial response. It also reduces 
_ the attenuation of this oscillation. Both effects increase the 
decay time. However, when there is no oscillation, as in the 
case of n RC stages, the decay time, as defined here, is reduced 
with increasing slope. The apparent connection between the 
decay time and the slope of the amplitude response suggests the 
possibility of finding a general functional relationship between 
these two quantities. 

To find this relationship, five different types of networks are 
selected and the decay times for various values of Q and n are 
calculated. At the same time the corresponding values of 
5 =AH,f,/f, are found. The resultant curves are presented 
in the form t,1%)fe =y = F(6). By interpolating all the 
curves by a single straight line, on the principle of least total 
fractional square error, the statistical formulae, valid for all 
circuits considered, are found. 

Because of the variety of circuits taken into consideration, 
these approximate formulae can be expected to be valid for 
many other passive networks and may well serve as a first, rough 
indication for the designer. It is found that, in order to decrease 
decay time, the slope of the amplitude response must be decreased. 
For the same slope, a circuit having an amplitude response with 
peaks will have a longer decay time than one with a flat response. 

Another approach to the problem is based on the fact that 
any passive minimum-phase network is completely defined by 
the location of its poles and zeros in the p-plane, except for a 
possible constant multiplier. Hence certain classes of circuit 
can be distinguished, e.g. filters having frequency response with 
one, two, or more single or multiple poles. An attempt is made 
here to derive the general formulae, valid for all circuits belonging 
to a given class, which give the functional dependence in the 
form: tH, %)fe = YU %) = FUGIf), where t(1 %) is the total 
decay time, defined as the time taken’ from the moment of 
application of input unit voltage step to the moment when the 
envelope of the transient response deviates from the steady state 
by a prescribed proportion of the amplitude, e.g. 1,(1 %). 

The relations of the above type are derived for circuits with 
one single pole, two single poles, one multiple pole, for the 
staggered circuits and n stages of critically coupled and over- 
coupled circuits. 

? DELAY TIME 

If to a filter having a frequency characteristic 


H(f)=H(fje#O 2. 2. (1) 
an input voltage pulse having spectrum G(f) is applied, the output 
voltage is given by 


u(t) = i G(f)H(f)eil2aft+oMdf 


=O 


(2) 


DIGESTS OF INSTITUTION MONOGRAPHS 


yo 


Hence every frequency component of the output voltage is | 


delayed by 


_ Hf) 
NGS af 


with respect to the corresponding component of input pulse. 
Hence, in contrast to the decay time, which is more obviously | 
connected with the amplitude response, the delay time seems to | 


be more readily correlated with the phase response. 


From the character of the spectrum of the unit voltage step it | 
is evident that the bulk of the energy is transmitted by the 
components near to zero frequency. This effect is increased by 


the discrimination introduced by the filter itself. In the frequency 


range occupied by these components, the phase response of the — 
filter is usually almost linear; hence their delay time, which may be ~ 
regarded approximately as the delay time of the whole pulse, _ 


is given by 


‘= Ge 


This equation has been checked for all circuits previously 
considered by comparing the results it gives with the exact values | 


of t¢. 

It was found that eqn. (4) gives a fairly sufficient degree of 
approximation for multiple-stage circuits, but it seems to be 
quite wrong for the single-stage circuits here considered. 

This may be attributed to the fact that, in the single-stage 


circuit the harmonics lying outside the linear range of phase | 


response are rather poorly attenuated, and the previously 
explained idea of delay time has no meaning so that eqn. (4) 
has no justification in this case. 
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